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Abstract 
 
 
 The nuclear designs of fusion devices such as ITER (International 
Thermonuclear Experimental Reactor), which is an experimental fusion reactor based 
on the “tokamak” concept, rely on the results of neutron physical calculations. These 
depend on the knowledge of the neutron and photon flux spectra which is particularly 
important because it permits to anticipate the possible answers of the whole structure 
to phenomena such as nuclear heating, tritium breeding, atomic displacements, 
radiation shielding, power generation and material activation. The flux spectra can be 
calculated with transport codes, but validating measurements are also required.  
 An important constituent of structural materials and divertor areas of fusion 
reactors is tungsten. This thesis deals with the measurement of the neutron fluence 
and neutron energy spectrum in a tungsten assembly by means of multiple foil 
neutron activation technique.  
 In order to check and qualify the experimental tools and the codes to be used 
in the tungsten benchmark experiment, test measurements in the D-T and D-D 
neutron fields of the neutron generator at Technische Universität Dresden were 
performed. The characteristics of the D-D and D-T reactions, used to produce 
monoenergetic neutrons, together with the selection of activation reactions suitable 
for fusion applications and details of the activation measurements are presented. 
Corrections related to the neutron irradiation process and those to the sample counting 
process are discussed, too. 
 The neutron fluence and its energy distribution in a tungsten benchmark, 
irradiated at the Frascati Neutron Generator with 14 MeV neutrons produced by the 
T(d,n)4He reaction, are then derived from the measurements of the neutron induced -
ray activity in the foils using the STAYNL unfolding code, based on the linear least-
squares-errors method, together with the IRDF-90.2 (International Reactor Dosimetry 
File) cross section library. The differences between the neutron flux spectra measured 
by means of neutron foil activation and the neutron flux spectra obtained in the same 
assembly, making use of an Ne213 liquid-scintillation spectrometer were studied. The 
comparison of measured neutron spectra with the spectra calculated with the MCNP-
4B (Monte Carlo neutron and photon transport) code, which allows a crucial test of 
the evaluated nuclear data used in fusion reactor design, is discussed, too. 
 In conclusion, this thesis shows the applicability of the neutron foil activation 
technique for the measurement of neutron flux spectra inside a thick tungsten 
assembly irradiated with 14 MeV from the D-T generator. 
 
 
 
 
 
 
  
 
Kurzfassung 
 
 
 Die Konstruktion von Fusionsreaktoren wie ITER (International 
Thermonuclear Experimental Reactor), der ein experimenteller Fusionsreaktor ist und 
auf dem „Tokamak“-Konzept beruht, basiert unter neutronenphysikalischen 
Gesichtspunkten  auf den Ergebnissen von umfangreichen Simulationsrechnungen. 
Diese setzen die Kenntnis der Spektren des Neutronen- und Photonenflusses voraus 
die besonders wichtig ist, weil sie, die möglichen Antworten der ganzen Struktur auf 
physikalische Prozesse vorauszuberechnen erlaubt wie z.B.: Heizen durch nukleare 
Prozesse, Tritium-Brüten, Atomverschiebung, Abschirmung von Strahlung, 
Leistungserzeugung und Materialaktivierung. Die Flußspektren können mittels 
Transportcodes berechnet werden, aber es werden auch Messungen zu ihrer 
Bestätigung benötigt. 
 Ein wichtiger Bestandteil des Strukturmaterials und der Divertor-Flächen der 
Fusionsreaktoren ist Wolfram. Diese Dissertation behandelt die Messungen der 
Neutronspektren und –fluenz in einer Wolfram-Anordnung mittels der Multifolien-
Neutronenaktivierungstechnik. 
 Um die anzuwendenden experimentellen Geräte und die Codes, die im 
Wolfram-Benchmark-Experiment eingesetzt werden, zu überprüfen und zu 
bestimmen, wurden Testmessungen in den D-T und D-D Neutronenfeldern des 
Neutronengenerator der Technischen Universität Dresden durchgeführt. Die 
Eigenschaften der D-T und D-D Reaktionen, die für die Erzeugung von 
monoenergetischen Neutronen verwendet werden, sowie die Auswahl der 
Aktivierungsreaktionen, die für Fusionsanwendungen geeignet sind und die 
Aktivierungsmessung werden detailliert vorgestellt. Korrekturen, die sich auf den 
Neutronen-Bestrahlungsprozess und auf den Probenzählungsprozess beziehen, 
werden ebenfalls besprochen. 
 Die Neutronenfluenz und ihre Energieverteilung in einem Wolfram-
Benchmark, bestrahlt am Frascati Neutronen Generator mit 14 MeV-Neutronen aus 
der T(d, n)4He Reaktion, werden aus den Messungen der -Strahlenaktivität, die von 
Neutronen in den Folien induziert ist, durch den STAYNL Entfaltungscode, der auf 
der Methode der kleinsten Fehlerquadrate basiert, zusammen mit der IRDF-90.2 
Wirkungsquerschnitt-Bibliothek abgeleitet. Die Unterschiede zwischen den 
Neutronenflußspektren, die mit Hilfe der Multifolien-Neutronenaktivierung ermittelt 
wurden, und den Neutronenflußspektren, gemessen im selben Aufbau mit einem NE-
213 Flüssigszintillator, wurden untersucht. Die gemessenen Neutronenspektren 
werden den aus MCNP-4B Rechnungen (Monte Carlo neutron and photon transport)  
ermittelten Spektren gegenüber gestellt. Der Vergleich stellt einen wichtigen Test der 
evaluierten Kerndaten für Fusionsreaktorkonzepte dar. 
 Zusammenfassend zeigt diese Arbeit die Anwendbarkeit der Multifolien-
Neutronenaktivierungstechnik bei Messungen der Neutronenflussspektren innerhalb 
eines massiven Wolframblocks bei Bestrahlung mit schnellen Neutronen aus D-T 
Generatoren. 
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Chapter 1 
 
 
 
Introduction 
 
 
 
 
 The aim of controlled thermonuclear fusion research is to provide a virtually 
unlimited, save and environmentally attractive nuclear power. Such a challenge raises 
a number of theoretical and technical problems from its very outset, but there is a 
huge potential for a fusion-powered reactor. Fusion fuel is abundant available and 
cheap, the most easily exploitable fuels being deuterium, accruing naturally in all 
water, and tritium, which can easily be fabricated inside the fusion reactor by the 
neutron bombardment of lithium, also abundant available in nature. Also, the reactor 
would be a closed system concerning fuel waste produced, because tritium is 
moderate radioactive and neutron activation of the reactor chamber dictates which 
structural materials are most useful to minimize waste of components. 
 The fusion reactions with the highest rates in low-temperature plasmas are: 
 
 D  +  D       T  +  p  +   4.0  MeV 
 D  +  D    3He  + n  +   3.3  MeV 
 D  +  T    4He  +  n  +  17.6 MeV 
 
The relevant quantities for the reactions rates are the cross sections which are a 
function of the energy of the reacting particles. Between the above reactions the D-T 
reaction has the highest reaction cross section at the lowest plasma temperature 
keVTk 10≤ . Because the D-T reaction produces a large number of neutrons, creating 
a high radiation background, in the early experimental period, deuterium plasma was 
used. The D-T reaction in this plasma is only important as a secondary reaction with 
the tritium produced in the first D-D reaction.  
 The neutrons produced in thermonuclear reactions interact negligibly with the 
plasma and carry away a large amount of the energy released in the reactions. In a 
future fusion reactor these neutrons are captured in a blanket surrounding the plasma, 
moderated (thus converting their energy into thermal heat) and utilized to produce 
tritium if a lithium blanket is used. In the experimental period of operation, 
observations of the intensity and the energy distribution of these neutrons give 
important information about the plasma state. This is the principle of neutron 
diagnostics, both  for machine  control  and plasma physics. We  should note that neu- 
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trons escaping the plasma chambers cause radiation damage and nuclear 
transmutations in the surrounding first wall and blanket. For detailed analysis of these 
phenomena the energy dependent neutron flux should be known. The flux spectrum 
can be calculated with transport codes, but validating measurements are also required.  
 
 
1.1 The International Thermonuclear Experimental Reactor (ITER) 
and Neutron Physics 
 
Nuclear fusion occurs in the plasma state. The confinement of a hot plasma 
can be achieved in three different ways. In the sun, the gravitational forces keep the 
fusion process confined with a very long time scale; this is not an option on earth. The 
second method is to implode a small pellet of fusion fuel using laser beams or 
energetic heavy ion irradiation. With a high repetition rate of micro implosions a 
reactor configuration might be built. Because the inertia of the imploding pellets 
keeps it for a moment confined, this technique is known as inertial confined fusion. 
The third method uses the fact that charged particles placed in a toroidal or linear 
magnetic field carefully arranged, will be trapped by it. This is the basic idea of the 
most successful tokamak configuration, in which the gas is placed in a torus and it is 
kept away from the vessel walls by a combination of toroidal and poloidal magnetic 
fields. 
 ITER (International Thermonuclear Experimental Reactor), which is an 
experimental fusion reactor based on the “tokamak” concept, will be the first fusion 
device to produce energy at the level of a power plant. It will provide the next step for 
the advancement of fusion science and technology, and is a key element in the 
strategy to reach the planned next step, a demonstration power plant (DEMO).The 
ITER objectives are: 
- demonstration of scientific feasibility by developing a stationary burning 
core having high fusion power gain; 
- demonstration of technological feasibility by developing required 
components and integrating them with the core; 
- demonstration of the safety and environmental attractiveness of fusion; 
- demonstration of the economical viability of fusion. 
  
The design concept of ITER provides a clear separation of function [Par97]: 
the plasma interacts directly only with the blanket and divertor (plasma-facing 
components) which have no confinement function, thereby limiting the plasma 
interaction with the vacuum vessel to electromagnetic loads arising from disruptions. 
Materials for all ITER components were selected, mostly on the basis of their 
availability and well-established manufacturing technologies, taking account physical 
and mechanical properties, component maintainability and minimization of activated 
waste. This material selection must also include a total engineering approach, by 
considering not only physical and mechanical properties and processing, but also the 
maintainability, replaceability and recyclability of each material. In some case 
improved materials have been developed, in particular for in-vessel components. 
 The nuclear designs of fusion devices such as ITER rely on the results of 
neutron physical calculations. These include neutron and photon transport calculations 
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to provide the neutron and photon flux spectra which then form the basis for the 
calculation of nuclear responses of interest (energy deposition, shielding, activation, 
radiation damage, gas production) when convoluted with related nuclear data 
 The computational tools, i.e. 3D Monte Carlo codes for complex geometries, 
and the data relevant for the neutron-photon transport in the reactor materials as well 
as the response data need to be validated to assure they give reliable results when 
applied in designs calculations. This can be achieved through integral benchmark 
experiments where suitable material assemblies are irradiated with 14 MeV neutrons 
and nuclear responses are measured and compared to calculations which closely 
simulate the experiment set-up. 
In principle there are two different types of experiments, either “clean” or 
“design-oriented” [Fis99]. Clean experiments consist of material assemblies with 
simple geometry and a single pure element or material (benchmark). This permits to 
investigate the data quality of the considered element since there is no interference 
with data uncertainties of other elements and doubts due to modelling. Design-
oriented integral experiments intend, on the other hand, to simulate the reactor 
components as close as possible from neutronics point of view in order to check a 
design-relevant nuclear response (mock-up). This type of experiment has a 
complicated geometry with a variety of elements and materials included. 
In the present thesis on a benchmark experiments with tungsten will be 
reported. 
Among other materials, tungsten, beryllium and carbon fibre composite (CFC) 
are chosen for various regions of the first wall facing the plasma. These materials are 
joined by various methods to copper-alloy heat sinks which in turn are joined to 
stainless steel supporting structures. Their main functions are to provide adequate 
conditions for plasma burning (minimize the plasma core impurity contamination), to 
protect the wall structures from high heat fluxes and contact with the hot plasma, and 
to satisfy the required erosion lifetime. Operational conditions for armour materials 
are very complex and include particle bombardment, thermal fatigue, neutron 
irradiation, different types of thermal shocks, etc.[Bar99]. 
Tungsten has been selected as constituent of structural materials and also 
represents an important material for baffle and divertor areas where a high 
concentration of neutral particles occurs, because in this area the key issue is erosion 
lifetime, and tungsten has a lower erosion rate, due to its low sputtering yield and its 
higher sputtering threshold energy, as compared to those of beryllium and carbon 
[Fre03.1]. Another advantage of tungsten is its low tritium retention. The plasma 
compatibility of tungsten is an issue, because a small amount of tungsten in the 
confined plasma region could lead to a very large power loss from the plasma. Almost 
no data exist to validate the performance of neutron irradiated tungsten at the fluence 
and temperature ranges typical of ITER. 
 The ITER divertor draws off the flow of energy from charged particles 
produced in the fusion reactions and removes helium ash and other impurities 
resulting from the reactions, and from interaction of plasma particles with the material 
of the wall. For that matter, the knowledge of the neutron spectrum is particularly 
important because it permits to anticipate the possible answers of the whole structure 
to important phenomena such as nuclear heating, tritium breeding, atomic 
displacements,  radiation shielding,  power generation and material activation. For ex- 
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ample, the cross sections of the different reactions have, often, a strong energy 
dependent comportment, and it is very important to describe the neutron spectrum in 
order to predict the nuclear functionals of the different zones of the reactor. Also, 
technical devices behind the shield blanket may be sensitive to neutron and photon 
irradiation, and the dose rate relevant for radiation protection depends on the spectral 
neutron and photon flux behind the biological shield [Unh02]. The spectra are just 
like “finger prints” [Cer94] that characterize the particular components we are taking 
into consideration. 
In the calculation, the experiment is being simulated by modelling the 
assembly as close as possible and calculating the neutron flux spectra and nuclear 
response on the basis of the available nuclear data. The comparison of measured 
neutron spectra, and reaction rates or nuclear heating with the same quantities 
calculated with the MCNP-4B (Monte Carlo neutron and photon transport) [Bri00] 
code allows a crucial test of the evaluated nuclear data used in fusion reactor design. 
The calculation is accomplished using the FENDL (Fusion Evaluated Nuclear Data 
Library) [Wie98], EFF (Joint European Fusion Files) [Kop94], ENDF (Evaluated 
Nuclear Data Files) [McL01] or JENDL (Japan Evaluated Nuclear Data Library) 
[Nak92].  
Three-dimensional Monte Carlo transport codes such as MCNP-4B utilized 
today permit a very good simulation with a detailed description of the problem 
geometry. Furthermore, the extensive use and testing in fusion applications have 
proved their credibility. However, all nuclear reaction cross sections used in 
neutronics calculation are known with limited precision, particularly in the fast 
neutron energy range of interest for fusion. Therefore, experiments are needed to 
validate nuclear data of the reference library, to verify the predictions of nuclear 
calculations for the reactor design, to reduce the uncertainty and, hence, the safety 
margins applied in the design [Mal00]. 
The neutron flux spectra can be measured by applying various experimental 
techniques such as time-of-flight and the proton recoil counter spectrum 
measurements, activation foils measurements and other. 
 
 
1.2 Methods of Neutron Spectroscopy 
 
 The neutron spectrometry has contributed much to the development of nuclear 
physics and has also become an important tool in several other fields, notably nuclear 
technology, fusion plasma diagnostics, radiotherapy and radiation protection. Because 
of its electrical neutrality the neutron is able to interact with a nucleus at close 
distance and at all energies. Thereby, it is appropriate for studies of nuclear structure 
and nuclear reaction mechanisms. All detection technique must be based either on 
nuclear transformation reactions or on neutron scattering events. If the mechanism of 
interaction is known, information about the neutron can be extracted by studying the 
products of reactions [Kno89]. Because the cross section for neutron interactions in 
most  materials is a strong function  of neutron energy, different techniques have been 
developed for neutron detection in different energy regions. 
 According to F. D. Brooks and H. Klein, [Bro02], the methods of neutron 
spectrometry  can be  classified  into seven groups based on the principle employed to 
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measure neutron energy: (1) methods in which the neutron is scattered and the energy 
of the recoiling nucleus is measured (e.g. recoil proportional counter, organic 
scintillator, recoil proton telescope, capture-gated); (2) methods based on 
measurements of the energies of charged particles released in neutron-induced nuclear 
reactions (e.g. 3He-proportional counters, gridded ionisation chambers or sandwich 
spectrometers, diamond and silicon semiconductors crystals, fission chambers); (3) 
methods in which the neutron velocity is measured (neutron time-of-flight method); 
(4) threshold methods, in which a minimum neutron energy is indicated by the 
appearance of a neutron-induced effect such as radioactivity, a specific gamma-ray 
energy or a phase transition (e.g. foil activation, superheated drop – bubble – 
detectors, etc); (5) methods in which the neutron energy distribution is determined by 
unfolding a set of readings of detector (or detector geometries) which differ in the 
energy-dependence of their response to neutrons (e.g. Bonner Sphere Spectrometer); 
(6) methods based on neutron diffraction; and (7) methods in which the time-
distribution of the slowing down of a short burst of high-energy neutrons in a suitable 
medium is measured.  
 Also, the methods of neutron spectroscopy are divided in passive neutron 
detection methods and active neutron detection method. Neutron detection devices 
which do not provide electrical signals at the time an event is recorded (e.g. neutron 
foil activation technique) are termed passive and give a measure of the neutron 
fluence [Jar82].   
 In the evolution of neutron spectrometry technique, three phases can be 
established. Most neutron spectrometers used today are based on the methods that 
were introduced between 1932 and 1959. Threshold radioactive methods were also 
prominent during this period. 
 In the second phase, 1960–1970, the introduction of the Bonner sphere 
method, the first applications of semiconductors detectors to neutron spectrometry 
and the important development of computer unfolding methods for determining 
neutron spectra from few and multichannel measurements were the remarkable 
developments.    
After 1979, considerable technological progresses were made but will 
probably be remembered more for the impact of computers on neutron spectrometry. 
Especially, neutron spectrometry has improved as a result of the comprehensive 
methods of calculation that are now available, firstly to generate the response 
functions or to calculate the neutron detection efficiency of the detector system, e.g. 
by Monte Carlo simulation, and secondly to unfold (deconvolute) the spectral neutron 
fluence from the spectrometer readings. 
 Unfolding programs are often needed to fulfil neutron spectrometry 
measurements. The relationship between the differential neutron flux and the 
measured data through the convolution integral with the response function of the 
detection apparatus is in its discrete version [Mat02]: 
 
 
( ) ( )
=
=Φ=
N
i
iijj mjforEERC
1
,,2,1       (1.1) 
 
where Cj denotes the expectation values of the readings (activity) of the j-th detector, 
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Rj(Ei) is the response functions of the j-th detector to neutrons in the ith energy 
interval, and (Ei) is the neutron fluence in the i-th energy interval. Mathematically, 
the Eq.(1.1) written in the integral form is a Fredholm integral equation of the first 
kind [Vla84], [EPS84]. It has no unique solution because the number of detectors m, 
is smaller than the number of energy groups, N, used to describe the spectrum and 
approximate unfolding procedures must be applied for m < N. 
 Most of the unfolding codes, except those based on Monte Carlo methods, use 
iterative routines and therefore need an initial solution to start the unfolding. The 
quality of the final solution is affected by the initial guess spectrum. More about the 
unfolding codes utilized in the measurement and analysis of neutron flux spectra in 
tungsten experiments will be presented in Chapter 3. 
 For measurement of neutron flux energy spectra, the method of multiple foil 
activation combined with a neutron spectrum adjustment code is frequently used. 
Neutron spectrometry with foil activation consists of measuring the induced activity 
of a thin foil when exposed to the neutron field of interest. In this case, the response 
function is restricted to the neutron reaction cross section and the measured quantity is 
the saturated induced activity. This is experimentally realized using several foils 
which are irradiated together under the same conditions. Each foil has a contribution 
given by its own induced activity Aj which form a set of equations similar to Eq.(1.1): 
 
 
( ) ( )
=
=Φ=
N
i
iijij mjforEEA
1
,,2,1 σω     (1.2) 
 
where ( )ij Eσ  is the activation cross section at the i-th neutron energy interval, iω  are 
weighting functions and m is the number of activation reactions [Seg01]. 
 Such an approach is typical for measurements at research reactors when 
appropriate neutron dosimeters (activation foils) and various unfolding codes based 
on neutron induced nuclear reaction cross section libraries are available. However, the 
accuracy of the adjusted spectrum depends on the quality of the input data and the 
algorithm or code selected for this process (details Appendix B). 
 
 
1.3 Neutron Spectroscopy with Foil Activation 
 
 In general the neutron spectroscopy with foil activation involves the 
irradiation of one or more target with a flux of particles for a pre-determined period. 
In this method it can be chosen between several activating particles. These fall into 
three categories: 
 
- neutrons, of thermal energies, or fast neutrons from, e.g., the D-T or D-D 
reaction (neutrons of intermediate energies may also be used); 
 
- charged particles, usually of moderate energies, such as proton, deuterons, 
      tritons, 3He nuclei and -particles;  
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- high-energy photons for photonuclear activation analysis through the (, n) 
and (, p) reactions, and occasionally through the (, ’) excitation 
reactions. 
 
 The choice of activating particles naturally depends on the particular problems 
to be analysed, and it is usually found that the neutron induced reactions cover a wider 
field than the other types. 
 From the beginning of neutron activation analysis (the first experiment was 
reported in 1932 by Hevesy and Levi), the availability of neutron sources has been the 
factor limiting its widespread use. At the beginning, isotopic sources were used to 
produce neutrons, therefore the flux was low and consequently of limited usefulness. 
The increased availability of research reactors and the introduction of relatively 
inexpensive neutron generators in the late 1950s were instrumental in accelerating the 
growth of this field.  
 The principles of activation analysis are well known [Koc60], [Len65] and the 
technique of neutron multifoil activation is well established as a means of determining 
neutron fluences. The technique can also be used as a method of determining the 
neutron energy spectrum by simultaneously exposing several target foils for which the 
activation reactions cover a range of threshold energies.  
 Some of the atoms present in the foils will interact with the bombarding 
particles and are converted into different isotopes of the same element or isotopes of 
different elements. The neutron may be detected through the interactions of  
radiation emitted at the time of interaction or may be detected through the radiation 
emitted by the radioactive product or daughter resulting from the neutron induced 
nuclear reaction.  
 In the first case, the neutron interacts with a target nucleus via inelastic, 
scattering or collision and forms a compound nucleus in an excited state [Orv98]. The 
excitation energy of the compound nucleus is due to the binding energy of the neutron 
within the nucleus. The compound nucleus will almost immediately (in 10-18 s) de-
excite into a more stable configuration through the emission of one or more 
characteristic prompt -rays (Fig.1.1). In this situation, we speak about Prompt 
Gamma Neutron Activation Analysis (PGNAA). The PGNAA technique is most 
applicable to elements with extremely high neutron capture cross section. In many 
cases, this new configuration yields a radioactive nucleus which also in most cases 
decays by emission of one or more characteristic delayed γ-rays, but a much slower 
rate according to the unique half-lives of the radioactive nucleus. Depending on the 
particular radioactive nucleus, half-lives can range from fractions of a second to 
several years.  
 In the second case, the foils are removed, after the end of the irradiation, to a 
well shielded counting system where the decay radiation can be recorded with a 
suitable detector for a period of time required by the decay half-lives and the foil 
activation. This method has been routinely used to determine the time integrated 
fluxes from fission reactors and high intensity laboratory neutron sources based on 
fission or spallation reactions. It has also recently been used in fusion environment, 
offering the advantage that it is a passive method with foil positioning and decay 
radiation detection taking place in the quiet period between discharges [Käl88].  
The method is, therefore,  free from mechanical,  electrical, and magnetic pro- 
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blems. Such a technique, which is already employed in fast fission reactors, has also 
other advantageous features: 
 
- energy spectrum determination can be accurate within 10% (of course, on 
condition that the foil reaction cross sections and the measured activities 
must have smaller uncertainties); 
- no electrical connection to the outer world is required; 
- foils can be very thin and located close to the actual samples which are 
under neutron irradiation testing; 
- no manipulations are needed during the irradiation run; 
- foils can be transferred to counting station after the irradiation; 
- tolerance of foils to high radiation fields. 
 
This method has also a large dynamic range and can be used to measure 
fluence that varies by several orders of magnitude. Nevertheless, the method can also 
be used for diagnostics of the fusion plasma. 
 This thesis deals with the measurement of the neutron fluence and spectrum in 
a W assembly by means of multiple foil neutron activation technique and is divided in 
the following sections. Chapter 2 gives an introduction to the principles of nuclear foil 
activation. Also the characteristics of the D-T and D-D reactions, used to produce 
monoenergetic neutrons, are presented in detail. In Chapter 3 a list of activation 
reactions suitable for fusion applications and some other relevant nuclear data are 
introduced. Test measurements in the D-T and D-D neutrons fields of the neutron 
generator at Technische Universität Dresden are discussed in conjunction with data 
evaluation and correction. The results of the neutron spectra measurements in the 
tungsten benchmark obtained with multifoil activation method are presented in 
Chapter 4. They are compared with the flux spectra measured with an NE213 liquid 
scintillation spectrometer. A summary and conclusions are given in Chapter 5.   
 
Fig.1.1 Diagram illustrating the emission of -rays after interaction of 
neutron with the target nucleus. 
 
 9 
 
 
 
Chapter 2 
 
 
 
Basic Properties and Concepts of Nuclear Reactions and 
Multiple Foil Activation 
 
 
 
 
 In multiple foil activation, information describing the nature, energy, intensity, 
and spatial distribution of the bombarding beam of particles is of essential concern to 
analysts. 
 It must be taken into account that because of their short life, free neutrons do 
not exist in nature and must be artificially produced. The method consists of 
separating them from nuclei in which they are loosely bound. There is a variety of 
reactions which lead to neutron production. In such reaction, excited compound nuclei 
are formed by bombardment of target nuclei with -particles, protons, deuterons or -
rays, which can emit neutrons, if the excitation energy is larger than the binding 
energy of the neutron. 
 This chapter is concerned with the basic properties and concepts of nuclear 
reactions, used both in the production of high-energy neutrons by means of neutron 
generators and in the nuclear activation reactions, but also with the theory of nuclear 
activation analysis. For the purpose of this thesis, the production of neutrons by a 
neutron generator is achieved by accelerating ionised deuterium impinging on thick 
solid targets in which either deuterium or tritium are embedded. 
 
 
2.1 Neutron-Induced Nuclear Reactions 
 
 In the case of the interactions of neutrons with matter, we take into account 
that, since the neutron has no charge, it does not have to penetrate a Coulomb barrier 
like charged particles, when it approaches a nucleus. The neutron interacts with nuclei 
only through nuclear forces (they are short ranged forces and attractive between the 
nucleons) and the probability (cross section) for this interaction is in general higher 
than for charged particles. 
 If the neutron approaches sufficiently close to the nucleus it can be absorbed 
due to the action of nuclear forces, forming a compound nucleus. The original nucleus 
is called a target nucleus. The composed nucleus is in an excited state with the 
excitation energy given by the sum of the kinetic energy in the neutron-nucleus 
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center-of-mass system and the binding energy of the captured neutron. After a 
relatively long period the excited nucleus emits its excess of energies in various ways. 
 The simplest way is by emission of a neutron with the same energy as the 
originally absorbed neutron. If equality of the sum of kinetic energies of the nucleus 
and neutron is preserved both before and after the reaction, the process is called 
elastic scattering or resonance scattering (this name is used only in the region where 
the cross-section of elastic scattering has resonance behaviour). It is quite obvious that 
after such type of interaction, the resulting nucleus is identical to the target ones; thus, 
activation does not occur in this case. 
 The excitation energy of the compound nucleus can be released by emission of 
one or more -rays. This phenomenon is called radiative capture. Photons are emitted 
with an energy, determined by the mass difference between the mass of the compound 
nucleus and the sum of the masses of the original nucleus and incident neutron, by the 
kinetic energy of the incident neutron and the excitation levels of the compound 
nucleus. 
 For sufficiently high excitation energies, the compound nucleus can decay to a 
state of lower energy by the emission of charged particles or several neutrons [(n, ), 
(n, p), (n, t), (n, np), (n, 2n), etc]. 
 
When a neutron with a kinetic energy smaller than that of the incident neutron 
is emitted, the residual nucleus remains in an excited state which subsequently decays 
by -ray emission (inelastic scattering). 
 At very high energies, spallation and fragmentation are possible. The 
compound nucleus may also decay by fission.  
 Each of these processes has a certain probability, independent of the way of 
formation of the compound nucleus (due to the rapid distribution of the incident 
energy throughout the composite system formed by the neutron and the target 
nucleus) but only dependent on its excitation level. 
 The compound nucleus cannot exist at arbitrary energy level. The maximum 
probability of its formation occurs when the sum of the binding and kinetic energies 
of the incident neutron is equal to the energy necessary to raise a compound nucleus 
to an excited states.  
 Nuclear reactions can also proceed without formation of a compound nucleus. 
A neutron, in motion at a certain distance from the nucleus, may be deflected from its 
original path by the (real) nuclear potential and then continue moving in this altered 
direction. This type of neutron interaction is called potential scattering. Inelastic 
scattering of the neutron may occur in a single step direct way, exciting a single 
particle states or a vibrational or rotational state of the nucleus. 
 From the point of view of mechanism these kinds of neutron interactions with 
matter are different processes, and thus their probabilities of occurrence in any given 
cases will differ. These probabilities depend strongly on the energy of the incident 
neutron, as well as on the atomic weight and atomic number of the target nucleus. The 
measure of the probability that a certain nuclear reaction will take place is called cross 
section .  
 Scattering and absorption cross sections are usually distinguished from one 
another; each of these cross sections is composed of partial cross sections such as 
elastic and inelastic scattering, radiative capture, fission, etc. The sum of all partial 
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cross sections is called the total cross section. Knowledge of absorption cross sections 
in neutron activation is necessary in order to calculate neutron flux reduction through 
the sample. This cross section is the difference between the total cross section and the 
scattering cross section 
 A form of the cross section frequently used for describing neutron processes in 
material assemblies is the macroscopic cross section, usually denoted . This does 
not refer to a single nucleus, but to a 1 cm3 of matter. Thus, it is equal to the product 
of the cross section  of the given nucleus, and the density of these nuclei in a 
material: 
 
 
 = σN          (2.1) 
 
 
 
2.2 The Q-value, Threshold Energy and Energy Considerations. 
 
 The released or consumed energy of a nuclear reaction, A(a, b)B,  is the so 
called “Q-value”, which can be calculated, for a particular reaction, from the nuclide 
masses mi or the kinetic energies Ei: 
 
 
( )
aAbBbBaA EEEEcmmmmQ −−+=⋅−−+= 2    (2.2) 
 
 The Q-value can be positive and the reaction is called exothermic, and it can 
occur without the addition of further energy or the Q-value is negative and the 
reaction is an endothermic reaction (energy consuming). 
 It is easy to treat the general case, if the target nucleus is  at rest. For the study 
of the dynamic of such two-body interactions, two frames of reference are usually 
used: the laboratory system (LS), and the center-of-mass system (CMS). In the 
former,  the target  nucleus is considered  to be at rest  before collision, whereas  in 
the latter, the center-of-mass of  the projectile and target nucleus is at rest. The 
conditions before  and after the collision for the two frame of references are illustrated 
in Fig.2.1. 
 In the LS the target nucleus mA is stationary before the collision and the 
projectile particle a has a velocity va. After interaction, the particle b is deflected with 
a velocity vb at the angle  (the angle between the incident beam and the emission 
direction of b). In the case of the CMS, the frame of reference itself is moving with a 
velocity vCM with respect to the LS. For purposes of theoretical discussion and cross 
section data libraries the CMS is used. 
 Considering the mass and kinetic energy of the nuclei and particles involved in 
the nuclear reaction, and starting from the law of conservation of energy, one obtains, 
in the case of nonrelativistic particle for the LS:  
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 Two important observations may be made concerning this relationship. First, 
this equation is independent of the reaction mechanism, and second, permits the 
computation of the kinetic energy of the expelled particle, Eb, as a function of the 
laboratory angle . 
 For endothermic reaction, the threshold energy is not only a function of the Q-
Value, because part of the kinetic energy of the incident particle is used for the recoil 
of the compound nucleus as such, without contributing to the increase of the total 
mass. ET is somewhat larger than – Q, and is: 
 
 
A
Aa
T
m
mmQE +−=         (2.4) 
 
 In  nuclear  reactions with  charged particles,  the coulomb  barrier  needs to be 
Fig.2.1 Reference frame of two-body interactions 
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considered as it requires an additional amount of energy for transmitting the barrier. 
In those reactions for which Q is negative, a certain amount of energy must be added 
to the reaction system before it can begin. The minimum energy which is required to 
initiate the nuclear reaction is so-called threshold energy, ET.  
 The so-called threshold reactions play an important role in the determination 
of the flux, the energy spectrum or the dose of fast neutrons. In many cases, these 
reactions induce a radioactivity in threshold detectors, i.e. foils detectors, which can 
be measured after the irradiations and which can be utilized to bring out adequate 
information. When selecting the best among the possible detector reactions, one must 
presume knowledge of the spectral shape of the fast neutron flux and must note that 
the threshold energies should cover as uniformly as possible the energy range of 
interest. 
 A further question is whether ET is indeed sufficient to initiate the nuclear 
reactions. If a nucleus is bombarded with neutrons of energy ET, this will be just 
sufficient for the onset of that particular endothermic reaction, but the emitted particle 
has zero kinetic energy. In the case of charged particle reaction, (n, p) or (n, ), this 
particle has a positive charge and must have, according the classical theory, sufficient 
energy to overcome the electrostatic repulsion of the positively charged target nucleus 
in order to be observed as a free particle. Hence at ET the reaction cross section must 
be zero. In the quantum mechanical treatment, there exists a small but finite 
probability that the charged particle will penetrate or tunnel through the Coulomb 
barrier even if its energy is less than that of the barrier itself. This penetrability of the 
potential barrier around the nucleus may have an important influence on the cross 
section for a threshold reaction. 
 Obviously, the penetrability of the charged particle increases with E - ET. If ( )Eφ  is the fast neutron flux density per unit energy interval and ( )Eσ  is the cross 
section for the considered nuclear reaction, the reaction rate as a function of energy is 
given by the so-called response function ( ) ( )EE φσ [Hug53]. If the energy 
distribution of the cross section ( )Eσ  and the flux are well known for a given 
reaction, effective and average cross sections can be derived, and the effective 
threshold can be calculated. Normally, for the threshold reactions, ( )Eσ  is 0 for 
TEE ≤  and increases with the neutron energy, but can also decrease again due to 
competing reactions or because the nucleus becomes transparent. The integral 
reaction rate per second and per target nucleus is given by [DeS72],:  
 
 
( ) ( ) ( ) ( ) ( ) ∞∞ <===
TE
TEEforasdEEEdEEER 00 σφσφσ   (2.5) 
 
This quantity is called the response integral. In fact it is this response integral which 
results directly from measurements with activation detectors. The total flux is: 
 
 
( )∞= 0 dEEφφ         (2.6) 
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 The effective cross section and the effective threshold energy corresponding to 
the neutron spectrum ( )Eφ  can be defined as follows [San83]:  
 The value of the effective threshold energy, Eeff (all the neutrons above this 
energy are equally effective in producing the reaction, but none below), is chosen in 
such a way, that the activation cross section ( )Eσ  of an ideal threshold detector is 
approximated with the step function [Bec64]: 
 
 
( )
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and that the condition 
 
 
( ) ( ) ( ) ( ) dEEdEEdEEE
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== φσφσφσ
   (2.8) 
 
 
is satisfied. Eeff has no exact physical meaning, since it depends on the form of the 
neutron spectrum, which can be different for different neutron sources and irradiation 
positions. The best method for determining the effective threshold energy of a 
reaction is to derive it from the experimental excitation function. 
 An addition to the effective cross section, the average cross section is often 
used and it is defined as follows Eq.(2.5): 
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and yields the reaction rate R if multiplied with φ . 
 The reaction rate from Eq.(2.5) is characteristic for a neutron beam which 
consists of neutrons that have an energy spectrum extending from E = 0 up to some 
maximum energy. In the case of monoenergetic neutrons, the reaction rate is defined 
by the following equation: 
 
 
σφσ == vnR         (2.10) 
 
where n is the density of neutrons with the velocity v. 
 As already mentioned, if the laws of conservation of energy and momentum 
are applied, for nonrelativistic particles, the kinetic energy of the emitted particle in 
the nuclear reactions A(a, b)B, can be evaluated [Mar60]. The basic problem is the 
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determination of the restrictions imposed on the inelastic collision of two bodies by 
these laws. 
 The Newtonian conservation laws can be written in the form (see Fig.2.1) 
 
  
∗+= θθ coscos Bba ppp        (2.11a) 
∗
−= θθ sinsin0 Bb pp        (2.11b) 
QEEE Bba −+=         (2.11c) 
 
where θ  and ∗θ  are the angles between pa on the one hand and  pb and pB, 
respectively,
 
and Q is given by Eq.(2.3). Solving this system of equations, we can 
obtain the kinetic energy of the outgoing particle b. 
Generally, the kinetic energy of the particle b is given by 
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To explain the sign uncertainty in Eq.(2.12) we define near the threshold 
energy from Eq.(2.4), another threshold energy, called the back threshold energy: 
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 For an exothermic reaction the solution with plus sign is used. For an 
endothermic reaction, if the incident energy is less than the threshold, Ea < ET, the 
reaction is energetically forbidden. If the incident energy is between the two threshold 
values, ET < Ea < Eback, particles in two distinct energy groups are observed at the 
same laboratory angle. These energies correspond to the two signs in equation (2.12). 
For incident energies within this range the angle θ  is restricted to values less 
than 2pi . If the energy of the projectile is greater than the backward threshold, Ea > 
Eback, only the plus sign is to be used and Eb becomes a single-valued function of θ . 
 The energy EB of the other product particle can be obtained from Eq.(2.11c) 
once Eb has been calculated. The relation between the scattering angles of particles b 
and B is given by the Eq.(2.11b) which can be written in the form 
 
 
( )[ ] θθ sinsin BBbb EmEm=∗       (2.14)  
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 The rigid correlation between energy of outgoing particle and angle of 
emission has been much exploited as a laboratory means for obtaining particles with a 
defined energy. Neutrons, especially monoenergetic beams, can hardly be obtained in 
any other way. [Mic83] 
 
 
2.3 Neutron Sources 
 
The first available neutron sources were those involved in the discovery of the 
neutron: (, n) reactions on light elements, especially beryllium, using the strong  
activity of polonium or of natural radium (who has the advantage of a very long half-
life, ~1600 years, as compared to 138.4 days for polonium). The disadvantages of this 
type of sources are the strong  radiation accompanying the neutrons and the fact that 
the neutron spectrum is far from being monoenergetic. 
In contrast to the (, n) sources, nearly monoenergetic neutron can be 
produced in (, n) sources by use of monochromatic -rays. Various natural and 
artificial radioactive isotopes serve as -emitters. These sources differ from the (, n) 
sources in that they provide lower-energy neutrons, usually in the intermediate-energy 
range, since (, n) reactions are endothermic. On the other hand, the disadvantage of 
such sources is their small yield and the usually short half-life of the -emitters. 
 Since neutrons are always produced in fission, nuclear reactors and also some 
of the heaviest nuclides which decay by spontaneous fission (252Cf or 240Pu) can be 
used also as neutron sources. 
 As neutron sources, accelerators have some advantages over the previous 
discussed neutron sources: the intensity is many orders of magnitude above that of 
radioactive sources; monoenergetic neutrons with desired energy can be produced 
with good resolution; time-of-flight measurements become possible if the sources are 
pulsed.  
 Theoretically a wide variety of neutron-producing reactions can be used. 
Usually one can consider three groups of accelerator facilities. 
 The first group contains the high energy charged particle accelerators like the 
van de Graaff generator and the cyclotron, in which neutrons can be produced in 
(p,n) and (d, n) reactions.  
 A second group of accelerators neutrons are the electron linear accelerators 
producing bremsstrahlung and subsequent (, n) reactions in the target material. The 
neutron spectrum from these reactions is continuous (named also a “white spectrum”), 
because the incident bremsstrahlung shows a continuous energy distribution. Neutrons 
with well defined energies can be identified and selected from the spectrum by the 
time-of-flight method. 
 Neutrons can also be produced in low energy deuteron accelerators, due to the 
fact that the (d, n) reaction is quite productive at low deuteron energy (< 1MeV) in 
deuterium, tritium, lithium, and beryllium. 
 In the case of monoenergetic neutron production, the most important 
properties of the suitable sources are: neutron intensity; energy resolution and 
definition; energy and intensity anisotropy; the degree of freedom from contamination 
by secondary sources and background neutrons. Some factors can affect the 
monochromaticity  of  the  neutron beam. These  factors are: the energy spread of pro- 
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jectiles, the degradation of the incident beam in the target material, the angular spread 
of the emitted neutrons and the secondary neutron sources. 
 The production of monoenergetic neutrons by bombarding suitable targets 
with deuterium is particularly attractive since the net energy gain by the reaction 
system is quite large. In the case of D-D and D-T reaction (yielding ~ 2.6 MeV and ~ 
14 MeV neutrons, respectively), the large positive Q-values and the low atomic 
numbers make it possible to produce high yields of fast neutrons even at low incident 
deuteron energies. These two nuclear reactions, frequently used, can be expressed as 
follows: 
 
  
D   +   D      3He   +   n   +   3.269 MeV   [D(d, n)3He]   (2.15) 
 
and 
 
 
D   +   T      4He   +   n   +   17.586 MeV   [T(d, n)4He]   (2.16) 
 
where D stands for 2H and T for 3H. 
 The D-T reaction is of more interest because at low bombarding energies from 
a 100 to 200 kV deuteron accelerator, monoenergetic neutrons of about 14 MeV are 
obtained with a yield 100 times higher than with the D-D reaction. Fig.2.2 shows the 
cross section for the (d, n) reaction on 2H and 3H.  
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Fig.2.2 The cross section of the reaction D (d, n) 3He 
and T (d, n) 4He as a function of deuteron energy. 
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 The calculation of the dependence of the neutron energy on the primary 
energy is derived from Eq.(2.12). Since Q > 0, only the plus sign applies and the 
relation between Ed, En and  is always unique. 
 The yield of neutrons produced in nuclear reactions is proportional to the flux 
of incident particles and the number of target nuclei exposed to the incident beam. If I 
(cm-2s-1) is the current of protons, deuterons or  particles interacting with a target 
substance which contains N identical atoms per cm3, then the number of neutrons 
produced per cm2 in a second in a layer of thickness dx is defined as [Nar73]: 
 
 
dxNIdF σ=         (2.17) 
 
where σ  is the cross section for the neutron producing nuclear reaction and N is 
given by 
 
 
A
A
M
NN ρ=          (2.18) 
 
Here ρ  is the density of target material, NA is Avogadro’s number, and MA is the 
molar mass of the target material. 
 In order to determine the total yield, it is necessary to integrate the Eq. (2.17), 
but it has to be taken into account that the cross sections of the neutron producing 
nuclear reactions vary rapidly with the energy of the projectiles and that the 
projectiles are slowed down very rapidly by electronic (Coulomb interaction) and 
nuclear interactions. Tabulated values of the “stopping power”, dxdE , which is the 
energy loss by the charged particle by its passage through the target material, can be 
found for instance in [Zie85]. 
 The equation (2.17) can be written [Bec64]: 
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From this equation the total neutron source strength per cm2 of the surface of a thick 
target due to the bombardment by charged particles of energy Emax can be calculated: 
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 If the yield Y (= F/I) is introduced, the number of neutrons produced per 
primary particle is finally: 
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where ET is the threshold energy. 
 
 
 D-T Reaction 
 
 This reaction is the most exoenergetic of the reactions capable to produce 
monoenergetic neutrons. It is especially useful with low energy deuteron accelerators, 
since, from cross sections considerations, it would be expected that at 150 keV 
incident deuteron energy, the output to be about 300 timer greater than that from the 
D-D reaction. The very high Q-value of the reaction, 17.586 MeV, makes possible 
also the production of neutron with energies up to 30 MeV. 
 The relatively small spread of the neutron energy through large changes in the 
laboratory angle may be noted. Like in the case of the D-D reaction, the energy 
anisotropy increases with increasing the deuteron energy. As we can see in Fig.2.3, at 
an angle of about 1000, the neutron energy remains essentially constant at a value of 
about 14 MeV and is independent of the deuteron energy.  
  In spite of the fact that the neutron flux obtained from the D-T reaction is not 
perfectly isotropic, the degree of anisotropy is considerably less than that from D-D 
reaction. (Fig.2.4) 
 Usually, the integral neutron yield from this reaction is determined by the 
well-known associated -particle method, taking the correction for anisotropy into 
consideration [Few68].  
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Fig.2.3 Neutron energy as function of laboratory 
angle and deuteron energy (D-T reaction). 
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The number of -particles detected at a certain angle αθ  within a solid angle 
αΩ  is equal to the number of neutrons emitted at nθ  into the respective solid angle 
nΩ . From the known differential cross section for the T(D, n)-reaction the 
differential neutron source strength at any angle Θ  (and solid angle) can be calculated 
for a thick target [Hau70]: 
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where 
 
dN  : is the number of monoenergetic deuterons, with energy dE , 
    hitting the target, 
NT (x(E´)) : is the number of tritium atoms per unit of volume in the target 
    as function of penetration depth of the deuterons, 
( )Θ′
Ω
,E
d
d LSnσ
 : is the differential cross-section of the neutron production in the  
   laboratory system, 
( )E
dx
dE
′
 : is the energy loss for deuterons in the target. 
Fig.2.4 Differential neutron yield as a function of 
laboratory angle  for the D-T reaction at a deuteron 
energy of 150 keV. 
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The differential activation cross-section in laboratory system is calculated using the 
tabulated values of the differential cross-section in center-of-mass system using: 
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          (2.23) 
 
where mi are the rest masses of particle i, Q is the Q-value of the reaction, and En is 
the neutron energy in the laboratory system, which can be calculated form Eq.(2.12). 
 A similar formula applies also to the rate dtdNα  of the -particles 
production under an angle αΦ , so the neutron source strength as a function of this -
particles monitor rate can be written: 
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The factor ( )ΘAf , which characterizes the anisotropy of the neutron 
production, follows from Eq.(2.24) together with Eq.(2.22) applied to neutrons and -
particles as well: 
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Following assumption were made in the derivation of this expression: 
 
i.) tritium atoms are loaded uniformly in the titanium layer, 
ii.) direction of the reacting deuterons is taken to be that of the beam. 
 
If the equation Eq.(2.24) is integrated over the solid angle, one can obtain the 
total neutron source strength [Yam84] 
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where the proportionality constant, A, is given by 
 
 
( ) Θ⋅Θ⋅Θ= pipi 0 sin2 dfA A        (2.27) 
 
 Besides an exact determination of the neutron source strength, the knowledge 
of the energy distribution of the neutrons is also important. Using the reaction 
kinematics, the neutron energy  belonging to a certain deuteron energy can be 
calculated, for a thick target, and the neutron spectrum acquired by using the 
relationship obtained from the Eq.(2.22) [Mei80] 
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 Corresponding to Eq.(2.12) the neutron energies vary according to the 
emission angles. The calculation of neutron spectra at each angle include the energy 
spread of the deuterium beam in the Ti layer from the target as well as the interaction 
with structural materials of the target assembly. 
 The mean energy of the emitted neutrons at the angle Θ  is given by 
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 In Eq.(2.22), the energy loss of deuterons in the target was introduced. For the 
D-T reaction usually titanium-tritiated targets, TiTN, created by the absorption of 
tritium in a titanium layer, are employed.  
The target used in neutron generators has to feature some properties: 
 
i.) the target must have a long lifetime to permit activation experiments at 
constant neutron fluxes for long irradiation periods; 
ii.) it must have a high neutron yield per unit area of active surface, 
consequently the target nuclei must be deposited in saturated quantities 
over the smallest area possible; 
iii.) the contamination of targets with other nuclei on which neutron 
production can happen should be minimized; 
iv.) the target nuclei of interest must be deposited on a suitable thin 
backing surface in order to reduce the attenuation of the neutron beam 
and to facilitate cooling of the target. 
 
The best  approximation used  to calculate  the values of  the energy loss of the 
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deuterons in a compound target, TiTN, is to assume that Bragg’s law holds. This law 
states  that  the energy loss  in a compound is  the sum of the energy losses in its 
separate constituents. Developing this law for TiTN results in the formula [Few68]: 
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where ( )TidxdE  represents the energy loss of deuterons in titanium, ( )TdxdE  that in 
tritium, n the number of tritium atoms per titanium atom, and TiA , respectively TA  
are the atomic weight of the titanium and tritium. It may be recalled that the stopping 
cross-section is inversely proportional to the neutron yield and directly proportional to 
the energy degradation of the impinging charged-particle beam as it penetrates the 
target. 
The ( )TidxdE , for deuterons in titanium, has been calculated using the 
compiled data from [Zie85], and in the case of the energy loss of deuterons in tritium, 
the values of ( )TdxdE  were derived from the energy loss of protons in hydrogen, 
because the energy loss is only a function of the velocity of the particle: 
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This relationship is used also, in the estimation of the anisotropy factor, 
 The ( )TidxdE  is also a function of the number of tritium per titanium atom, n.  
Usually, the experimental values of n are between 1 and 2, and in this interval the 
energy loss in the target changes with about 30%. In our experiment, n = 1.36 was 
assumed.  
 
 
D-D Reaction 
 
Early investigation found that the D-D reaction has only two channels at 
sufficiently low energy which occur with approximately equal probabilities: 
 
 
D + D  T + p Q = 4.03 MeV 
 
D + D  3He + n Q = 3.27 MeV 
 
If the incident energy of the deuteron is increased, however, a ternary process 
occurs involving the break-up of the deuteron with Q = - 2.227 MeV. 
The D-D reaction has high yields at low incident energies which makes it particularly 
useful as a neutron  source with  low energy particle accelerators. It provides monoen- 
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ergetic neutrons up to the threshold for deuteron breakup. Fig.2.5 shows the 
connection between the deuteron energy Ed, the neutron energy En, and the angle  of 
the neutron emission. 
 As in case of determining the absolute neutron flux from the D-T reaction it is 
necessary to control the measurement of the neutron flux. One of the possibilities is to 
record the 3He particle emitted concomitantly with the neutron in the D(d, n)3He 
reaction. Because for a deuteron energy 150 keV this method encounters some 
experimental difficulties (the 3He particles are difficult to identify for a low deuteron 
energy), usually, the registration of the protons from the competitive reaction D(d p)T 
is preferred. It is necessary to know, with high accuracy, the relationship of the cross-
sections of both reactions. 
 The differential neutron source strength for arbitrary angles Θ , when the 
protons are counted in a fixed direction pΦ , is given by the same relationship, 
Eq.(2.22), as for the D-T reaction. Fig.2.6 shows the yield as a function of laboratory 
angle for 150 keV incident deuteron energy. Similar, one can determine the neutron 
source strength as a function of the proton monitor rate using the Eq.(2.24) in the 
following form:  
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Fig.2.5 Neutron energy as function of laboratory angle 
and deuteron energy (D-D reaction). 
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where, the anisotropy factor ( )ΘAf  is given by: 
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 For the determination of the differential source strength the knowledge of the 
differential cross-sections 
Ωd
d pn,σ
 for the D(d, n)3He and D(d, p)T, the distribution of 
the deuterium atoms in target as a function of the depth, the energy loss of deuterium 
in the target and the solid angle p∆Ω  is necessary. 
 The neutron spectrum and the values of the mean energy of the emitted 
neutrons are given by equations similar to Eq.(2.28), and Eq.(2.29) developed for the 
D-T reaction. 
The cross-sections of the two competitive reactions are symmetrically around 
900, in the center-of-mass system, hence the angular distribution of the reaction 
products can be expressed in terms of even Legendre polynomials [The66], i.e. 
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        (2.34) 
Fig.2.6 Differential neutron yield as a function of 
laboratory angle  for the D-D reaction at a deuteron 
energy of 150 keV. 
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For incident deuterons with energy below 500 keV, terms higher than θ4cos  can be 
neglected, giving [Cec93] 
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The pnA ,  and pnB ,  asymmetry coefficients are energy dependent and differ for 
the two reaction. In general the angular distribution of the D(d, p)T reaction are more 
accurately known than those of the D(d, n)3He reaction owing to the difficulties in 
detecting the associated low energy 3He particles, therefore the registration of the 
protons was employed. 
The energy loss of deuterons in the titanium-deuterium target was calculated 
using a formula similar to Eq.(2.30). 
 
 
2.4 Radioactive Decay and Neutron Flux 
 
 In neutron activation experiments one must also consider the radioactive decay 
during neutron bombardment. The radioactive decay is the spontaneous change of a 
nucleus into a new nuclide or simply a change of its energy (-decay). The probability 
that a given nucleus will decay per unit time is called the decay constant . 
 Consider the case of a radioactive nucleus decaying into a stable nucleus 
 
 
( )stableCB →λ   
 
The number of disintegrations per second (the decay rate, R or activity ) is 
proportional to N the number of atoms of B present: 
 
 
( ) ( ) ==−= RtN
dt
tdN λ        (2.36) 
 
The solution of this differential equation is  
 
 
( ) ( ) ( )tNtN λ−= exp0        (2.37) 
 
where, N(0) represents the number of atoms at time t = 0. 
 The following equations are specified for the case of neutron flux, but they are 
in the same way also applicable for any other activating particle.  
 
 We now consider a target (A) of mass m being irradiated in a neutron flux 
( )Eφ , where: 
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 A(E) : cross-section for producing the nuclide B at neutron energy E 
 
 B : decay constant of the nuclide B 
 
 B(E) : neutron absorption cross section of nuclide B at neutron energy E 
 
 NA(t) : number of atoms of nuclide A with atomic mass number AA, present 
  at time t 
 
For the target (A), the reaction is: 
 
 
( ) CBxnA B→λ,  
 
 During irradiation, the growth of the number of nuclei B is proportional to the 
activation cross section A, to the neutron fluxφ , and to the number of atoms NA. 
Meanwhile, target atoms of atomic mass AA are destroyed. On the other hand, the 
radioactive nuclei B decay but they may be destroyed by also absorbing a neutron, 
during the irradiation process. 
 The net production of the nuclide B is expressed by 
 
 
( ) ( ) ( ) ( )tNtNtN
dt
tdN
BBBBAA
B λφσφσ −−=     (2.38) 
 
In the above equation the product φσ  is an abbreviation for 
 
 
( ) ( ) ( ) φσφσφσσφφσ iii dEEdEEE ====  ∞∞ 00    (2.39) 
 
 With the initial condition ( ) 00 =BN , the solution of the Eq.(2.38) is given by: 
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The activity of this target, B(t), is, after irradiation for a time period tirr, 
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 Eq.(2.41) refers to the most general situation. In practice targets are selected in 
such a way that the fraction of target nuclei destroyed is negligible ( irrA tφσ <<1) and 
the radioisotope produced has such a neutron absorption cross section that 
Bλ >> φσ B . If these conditions are met, Eq.(2.41) takes the form 
 
 
 ( ) ( ) ( )[ ]irrBAAirrB tNt λφσ −−= exp10      (2.42) 
 
 Two regions can be observed if one plots activity as a function of irradiation 
time. First, for shorter irradiation times compared to the half-life of the radioisotope, 
the activity increase linearly with time. And second, for irradiation times many times 
longer than the half-life, the activity reaches a saturation value given by 
 ( ) ( ) φσ AAirrB Nt 0=     
 
 
2.5 Determination of the Neutron Flux by Foil Activation 
 
 As we can see in Eq.(2.42), the activity of the irradiated foil is proportional to 
the neutron flux. Determination of the flux requires measurement of the activity. 
 If the time of irradiation is tirr, usually, counting of the foil starts some time 
after the end of irradiation (Fig.2.7). This time will be called cooling time later on. At 
time t after the irradiation has stopped, the activity is  
 
 
 ( ) ( ) ( )[ ] ( )ttNt BirrBAAB λλφσ −−−= expexp10        (2.43) 
 
 
 
 
 
 
 
 
 If the sample is counted between t1 and t2, the number of disintegrations in that 
period is: 
 
 
( ) = 2
1
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t
ttD  ( ) ( ) ( )[ ] ( ) ( )[ ]21 expexpexp10 tttNdtt BBirrB
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          (2.44) 
 
Fig.2.7 Time scale for counting an irradiated sample. 
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 Assuming one counts -rays with energy Ek for which ek is the probability of 
emission per decay, and the counting system has an efficiency kε  (full-energy-peak 
efficiency) for the detection of -rays with energy Ek  , where  
 
 Ω  : solid angle 
 
 BG : background counts recorded in time interval T = t2 – t1 
 
then the gross counts recorded, Gk, will be 
 
 
( ) ( )[ ] ( ) ( )[ ] BGtttNFeG BBirrB
B
AA
kkk +−−−−Ω= 21 expexpexp1
0 λλλλ
φσ
ε     
          (2.45) 
 
The factor F takes into account any other corrections (backscattering, foil 
absorption, fluctuation of the neutron flux during irradiation, etc.) that may be 
necessary. More about these corrections will be discussed in Chapter 3.  
 The flux φ  can be determined from Eq.(2.45) if all the other factors are 
known. Usually, there are two different types of factors: 
 
- factors depending on the sample characteristics ( )( )BAAN λσ ,,0  which 
are assumed to be known with small error; 
 
- factors depending on the counting system ( kε , F, Ω , kG -statistics errors) 
which are the main sources of error. 
 
 To determine only the flux distribution, not its absolute value, foils are placed 
at known positions jx  and are irradiated for a time interval 0t . The foils are then 
counted using the same detector geometry. At any point jx , the flux may be written 
as: 
 
 
( ) ( )( )( ) ( )[ ] ( ) ( )[ ]21 expexpexp10 tttFeN
BGxG
x
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          (2.46) 
 
Normally, for this method small thin foils are used because: 
 
- a thick sample will absorb so many neutrons that the radiation field will be 
perturbed and the measurement will not give the correct flux; 
 
- the foils are almost insensitive to  radiation; 
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- their small size allows the positioning of foils possible in places where no 
other spectrometer would fit in. 
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Chapter 3 
 
 
 
Use of Activation Techniques for the Measurement of 
Neutron Flux 
 
 
 
 
The use of neutron foil activation, combined with neutron spectrum 
adjustment codes for determining the neutron fluence at different locations has a long 
history in neutron metrology, and methods have been developed that permit the full 
energy spectrum to be deduced for neutron energies ranging from thermal up to 20 
MeV. This technique can also be used as an approximate method of determining the 
neutron energy spectrum by simultaneously exposing several target foils for which the 
activation reactions span a range of threshold energies (multifoil analysis procedure, 
where the activity of the foil give a measure of the neutron flux above the threshold).  
This method has been routinely used to determine the time integrated fluxes 
(fluences) from fission reactors and high intensity neutron sources based on fission or 
spallation reactions. It has also been used at tokamaks, offering the advantage that the 
detection of the decay radiation can take place during the inactive periods between 
discharges [Jar02], and it is essential for analysing the irradiation characteristics of 
neutron generators. The method is also free from mechanical, electrical, magnetic and 
radiation damage problems.  
  The basic procedure followed for multifoil activation measurements is 
straightforward. Firstly, many target foils of various materials with different energy 
thresholds and different excitation functions are irradiated for a predetermined period. 
Then, they are removed and their induced -ray activity is measured by means of a 
suitable detector, for example a HPGe detector, for a period which depends on the 
decay half-lives and the foil exposure. The half life of the decaying product of a given 
foil should be of the same order of magnitude as the irradiation duration, if one wants 
to take into account (in the final fluence) of possible fluctuations of the neutron flux 
during the irradiation run. The neutron fluence and its energy distribution are then 
derived from the measurements of the neutron induced -ray activity in the foils by 
means of a deconvolution algorithm. Usually such type of code uses an iteration 
method with an initial trial spectrum which is modified until the calculated -ray 
activities are in agreement with the measured ones within a user preset standard 
deviation. The code can be also a useful tool for the selection of the best set of foils 
detectors, as it can give the limits of sensitivity of the foils in a given neutron fields.  
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 The principal nuclear reactions of interest in the measurements of neutron 
yields from neutron generators by activation analysis are (n, p), (n, ), (n, 2n) 
reactions. Such monitors are often designed as threshold flux monitors. These 
reactions have a characteristic threshold energy. Neutrons with energies below the 
threshold energy cannot cause the reaction to take place. Above the threshold energy, 
the reaction cross section rises fairly rapidly to some value and then tends to level off 
or decrease with increasing neutron energy. Usually, the (n, p) and (n, ) reactions are 
possible for nuclides of atomic numbers of about 30 or less and  the (n, 2n) reactions 
become increasingly favourable for nuclides with atomic numbers above 30. Also the 
(n, ) process, which is in all cases exothermic and its cross section decreases, in most 
cases, with increasing neutron energy, is commonly used in experiments with D-T and 
D-D neutron sources. Some nuclides, however, have high resonance absorption at 
certain neutron energies. 
 
 
3.1 Selection of the Optimum Nuclear Reaction  
   
 The selection of the appropriate foils is of great practical importance, and a 
number of physical and nuclear properties need to be considered: 
 
- each one will obviously respond preferentially to those neutron energies for 
which its cross section is high, but the threshold energies, from all foils, 
should cover evenly the energy range of interest in the unfolded neutron 
energy spectrum; 
- the saturated activity is proportional to the average cross section for the 
activation reaction; greatest sensitivity is therefore achieved by selecting 
materials with highest activation cross sections, meanwhile we must keep the 
neutron absorption probability small enough to avoid perturbing the flux 
during measurement; 
- the half-lives of the product radionuclides should be neither too short nor too 
long, but of the same order or larger than the irradiation times; 
- very high purity of the foils is required to avoid interference from other 
neutron-induced reactions (e.g. reactions produced on other elements present 
in foils); 
- uncertainty of cross section as small as possible (IRDF-90 [Koc93]). 
 
 The foil materials and nuclear reaction data for activation foils used in this 
work are listed in Table 3.1. All foils used had disk shape with 25 mm in diameter and 
a thickness between 0.007 and 1.020 mm. 
 
 
 Aluminium 
 
 Aluminium has some ideal characteristics for experiments with D-T and D-D 
neutron sources. Aluminium occurs as one isotope of mass 27 which has good 
reaction cross sections for fast and thermal neutron reactions. In addition, these 
reaction  produce certain  isotopes with  half-lives of several  minutes  and which emit
  
Table 3.1 Neutron activation reactions used in this work  
 
 
Reaction 
Reaction 
Threshold 
(MeV)a 
 
Half-Life 
Decay Mode 
of Activation 
Products 
Gamma-Ray 
Energy 
(MeV) 
Gamma-Ray 
Probability per 
Decay (%) 
27Al(n, p)27Mg 1.896 9.46(1)b min 100% - 0.844 71.8(4) 
27Al(n, α)24Na 3.250 14.98(1) h 100% - 1.369 
2.754 
100 
99.944(4) 
54Fe(n, p)54Mn 0 312.5(5) d 100% ++ 0.835 99.980(2) 
56Fe(n, p)56Mn 2.966 2.578(1) h 100% - 0.847 98.9(3) 
59Co(n, α)56Mn 0 2.578(1) h 100% - 0.847 98.9(3) 
59Co(n, p)59Fe 0.796 44.5(5) d 100% - 1.099 56.5(10) 
59Co(n, 2n)58Co 10.632 70.8(1) d 100% ++ 0.811 99.45(3) 
58Ni(n, p)58Co 0 70.8(1)d 100% ++ 0.811 99.45(3) 
58Ni(n, 2n)57Ni 12.431 1.503(4) d 100% ++ 1.378 77.9(16) 
65Cu(n, p)65Ni 1.376 2.520(2) h 100% - 1.481 23.5 
65Cu(n, α)62mCo 0.188 13.91(5) min ~100% - 
< 1% IT 
1.173 
 
97.9 
 
93Nb(n, α)90mY 0 3.19(1) h ~100% IT 
< 1% - 
0.480 89.98(6) 
93Nb(n, 2n)92mNb 8.927 10.15(2) d 100% ++ 0.934 99 
197Au(n, γ)198Au 0 2.696(2) d 100% - 0.412 95.5 
197Au(n, 2n)196Au 8.112 6.18(1) d 92.8% ++ 
7.2% - 
0.356 87(1) 
 
a
 Values were calculated using QTOOL [QTOOL], based on the masses given by Audi and Wapstra [Aud95] 
b
 The number in parentheses is an expression of uncertainty: 9.46 ± 0,01 min 
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γ-rays having energies above 0.5 MeV. The combination of these properties makes 
the aluminium particularly attractive for the measurement of neutron spectrum by foil 
activation technique. Among all the aluminium reactions, the (n, p) and (n, ) are 
utilized in this work (the cross sections for this reaction are plotted in Fig.3.1 and 
Fig.3.2). 
   For the 27Al(n, p)27Mg reaction, it is surprising, since this reaction is 
frequently used in neutron dosimetry and as a reference standard for the determination 
of other cross sections, that the experimental data and various evaluations scatter 
greatly. The experimental values have been, in most cases, obtained by activation 
measurements. 
 When aluminium foils are used for the measurement of 14 MeV neutron 
spectra, there are four elements which may interfere if they are present in sufficient 
quantities. They are iron, magnesium, silicon and strontium. It is apparent from 
comparing the sensitivity of these activations with those for aluminium that the cross 
sections are smaller. Also, a typical analysis (ppm) of the impurities in these foils 
gives the following results: Cu <1000, Fe <7000, Mn <1000, Si <5000, Zn <1000. 
 Aluminium also can be activated using neutrons from a D-D source. The 
available neutron flux is substantially lower from the D-D reaction than from the D-T 
reaction and the sensitivity of aluminium foil activation is additionally lowered by the 
small D-D cross section. The only known interference for Al under these conditions is 
manganese which produces photonpeaks from 56Mn in the same regions as 27Mg. 
 
 
 
 
 
 
 
 Iron 
 
 Iron has four stable  isotopes 54Fe, 56Fe, 57Fe and 58Fe. The most  abundant iso- 
 
Fig.3.1 The cross section of 27Al(n, )24Na reaction (the 
experimental data are taken from EXFOR, [EXFOR], and the 
evaluated data from RNAL, [RNAL]). 
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Fig.3.2 The cross section of 27Al(n, p)27Mg reaction. 
Fig.3.3 The cross section of 56Fe(n, p)56Mn reaction. 
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tope is 56Fe, and it is widely used in fast neutron dosimetry where usually the sample 
material is made of natural iron. It undergoes an (n, p) reaction to yield 56Mn (Fig.3.3) 
which gives a unique series of gamma rays of 2.578 hours half-life. 
 Some other elements, like cobalt and manganese (59Co(n,α)56Mn and 
55Mn(n,)56Mn), may introduce significant interference, if the sample contains 
extreme ratios of those impurities relative to the iron. Another competitive reaction 
proceeds from the presence of 57Fe in the foil, (2.119% in natural iron), but the 
threshold energies of this reactions (57Fe(n, d) 56Mn and 57Fe(n, np) 56Mn) are high. 
 For the reaction 54Fe(n, p)54Mn, (Fig.3.4) the following competitive reactions 
are possible: the 55Mn(n, 2n)54Mn reaction with a calculated threshold energy at 10.4 
MeV (typical analysis of the foils gives 3000 ppm manganese) and the reaction 
56Fe(n, t)54Mn with a small cross section. 
 
 
 Cobalt 
 
 Cobalt exists in nature monoisotopically, 59Co. The most sensitive reactions, 
for 14 MeV neutron dosimetry, are the (n, ) which produce 56Mn (Fig.3.5) and (n,2n) 
which produce 58Co. (Fig.3.6)  
 For the (n, ) reaction there are two interfering reactions of interest: from iron, 
via an (n, p) reaction to produce 56Mn and from manganese, via an (n, ) reaction to 
produce the same isotope. The ratio in the present probes, of these two impurities, is 
very small so the contribution of these two interfering reactions to the total counts can 
Fig.3.4 The cross section of 54Fe(n, p)54Mn reaction. 
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Fig.3.5 The cross section of 59Co(n, )56Mn reaction. 
Fig.3.6 The cross section of 59Co(n, 2n)58Co reaction. 
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be neglected. 
The cobalt foil is not useful in the case of the D-D experiment, because the 
effective threshold energies of these reactions are higher than the energies of the 
produced neutrons.  
 
 
 Nickel 
 
 Nickel has five isotopes. The 58Ni(n, 2n)57Ni (Fig.3.7) and 58Ni(n,p)58Co 
(Fig.3.8) reactions are the most useful reactions for the neutron spectroscopy with foil 
activation at D-T sources. 
 Only one competitive reaction can become important: 59Co(n, 2n) 58Co. 
 
 
 Copper 
 
 Both naturally occurring copper isotopes, 63Cu and 65Cu, undergo useful 
nuclear reactions with the fast neutron fluxes available at a neutron generator. The 
sensitive reactions utilized in this work are the (n, p) and (n, ) reactions producing 
radionuclides with appropriate half-lives and  energies. 
 Because the ratios of impurities in the probes are very small, no interfering 
reactions are expected. 
 
 
 Niobium 
 
 Niobium’s only naturally occurring isotope is 93Nb. Useful for neutron 
dosimetry are the following reactions: 93Nb(n, )90mY and 93Nb(n, 2n)92mNb. 
 Both reactions have been studied extensively during the past years. The 
reaction 93Nb(n, 2n)92mNb is frequently used in dosimetry as a standard for D-T 
neutrons measurements and it has properly high and almost constant cross sections 
around the 14 MeV neutron energy region. The product of 92mNb has a relatively long 
half-life of 10.5 day.  
  
 
 Gold 
 
 Gold has only one isotope, 197Au. The reactions used in this thesis are 197Au(n, 
2n)196Au (Fig.3.9) and 197Au(n, )196Au (Fig.3.10).  
 
As one can conclude from Fig.3.1 to Fig.3.10, the selected reactions show a 
good agreement between the experimental values and the IRDF-90 evaluations 
proving that the choice of these nuclides is justified.  
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Fig.3.8 The cross section of 58Ni(n, p)58Co reaction. 
Fig.3.7 The cross section of 58Ni(n, 2n)57Ni reaction. 
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Fig.3.9 The cross section of 197Au(n, 2n)196Au reaction. 
 
Fig.3.10 The cross section of 197Au(n, )196Au reaction. 
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3.2 Irradiation Experiments 
 
 In order to check and qualify the experimental tools and the codes to be used 
in the tungsten benchmark experiment, measurements in the D-T and D-D neutron 
fields of the neutron generator at TUD were performed. The threshold reactions 
presented in Table 3.1 were selected as detectors. The threshold energy of these 
reactions should be as high as possible to avoid unnecessary sensitivity to scattered 
neutrons but should not be too close to 2.5 or 14 MeV, otherwise the induced 
activation becomes highly sensitive to elastic scattering of neutrons by structures near 
to the measurement position. 
For the D-D neutron source, the main limitation of the activation technique is 
the small number of suitable reactions. Ideally, the selected material should be 
monoisotopic, have an effective reaction threshold energy of about 1.5 MeV and a 
large and well-known cross-section leading to a daughter nuclide which decays by 
energetic -emission (with high probability) with a half-life in excess of a few 
minutes but less than an hour. The 58Ni(n, p)58Co reaction is, for example, suitable 
apart from the decay half-life of 71 days.  
The tritiated and deuterated targets were bombarded with a deuteron beam 
from an RF-type ion source and accelerated up to 150 keV. The sources strength was 
measured using the associated alpha-particle method or, for the D-D reaction, the 
protons from the competitive reaction D(d, p)T.  
After the irradiations, usually, the samples were removed as soon as possible 
and the neutron induced -ray activities were measured with a HPGe detector. The 
irradiation and measurement procedure demanded a rigorous schedule of recording 
irradiation start and stop times, sample cooling times during transport, and -ray 
measuring times. 
 
 
3.3 -Ray Spectrometer 
 
 An HPGe detector with an active volume of 140 cm3, a measured efficiency of 
33.2% (relative photo peak efficiency to a NaI(Tl) 3” x 3” detector at 1332keV of 
28.3%) and an energy resolution at 122 keV and at 1332 keV of 0.860 and 1.88 keV 
respectively, was used for the off-line measurement of the radioactivity (the detector 
has a peak-to-Compton ratio around 57.2/1 and Be-window of 0.3 mm thickness). It 
was connected to a personal computer based data acquisition system which has a 
digital-Multi-Channel-Analyser (dMCA) card for HPGe and X-Ray-Spectrometry and 
utilized the win TMCA-software for system set-up and display. 
 Usually, -rays are produced by transition from excited states, which can be 
populated in nuclear reactions and in the radioactive decay of the nuclide, to lower-
lying nuclear levels in the same nucleus. Because nuclear states have very well-
defined energies, the energies of -rays emitted in state-to-state transitions are also 
specific to a particular nuclide. De-excitation processes of nuclear states are: the - 
emission; the electron-capture; the positron emission; the -particle emission; the 
isomeric decay. The -rays are characterized by their energies, emission probabilities 
and multipolarities. 
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 When penetrating matter, a large number of different interaction mechanisms 
are possible for -rays, but only the following three types are the main interaction 
processes: photoelectric absorption, Compton scattering and pair production. All 
these processes lead to the conversion of the photon energy to kinetic energy of 
electrons (and positrons). The free electrons are slowed down on their path through 
detector and they produce electron-hole pairs. [Deb88] 
 Since for the determination of the sample activity, the full-energy-peak yield 
in the -ray spectrum is used, the peak detection efficiency for this counting geometry 
is required. For this purpose and for the energy calibration of our HPGe detector, 
several calibrated single and multi -ray standard point sources were used. The decay 
properties of these sources are summarized in Table 3.2. 
 
 
 Energy and Efficiency Calibration of the Detector 
 
For the -ray spectroscopy with the HPGe detectors, the pulse height scale 
must be calibrated in terms of absolute -ray energy if various peaks in the spectrum 
are to be properly identified.  
 The precision and accuracy to which the centroid of a peak in a pulse height 
spectrum can be localized is dependent on the spectrometer system resolution (the 
dominant characteristic of the HPGe detectors is their excellent energy resolution 
when applied to -ray spectroscopy) and its stability over the period of the 
measurement. The uncertainty of the peak position, in the case of HPGe detector, is of 
the same order as the uncertainty of the calibration energy standards. For this reason, 
it is important to define precisely the energy standards.  
If the energy calibration points have been established over the entire energy 
range of interest, then a calibration curve relating energy to channel number can be 
derived. In many cases it is sufficient to represent the energy as a linear function of 
the channel, therefore only two well-chosen peaks are enough for the determination of 
the linear function. If several calibrated -ray standard point sources are used an 
improvement in the representation of the energies can often be achieved.  
 Common techniques involve the least-square fitting of a polynomial of the 
form: 
 
 

=
=
N
n
n
ini CaE 0          (3.1) 
 
where iE  is the energy corresponding to the channel number iC . This method will 
distribute the deviations between the actual and computed energies more uniformly 
and also will reduce the sensitivity of the results to the particular choice of peaks and 
their location in the spectrum.  
Since the deviations are significantly reduced if the energy is taken to be a 
quadratic function, N=2 in Eq.3.1, (Fig.3.11, Fig.3.12), this kind of functions was 
employed in the calibration [Kno89]. 
 For any measurement of radionuclide activity, the knowledge of the detector 
efficiency at counting conditions is required. 
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Table 3.2 Decay properties of the -ray standard sources, taken from [Chu99] 
 
 
 
Nuclide 
 
 
Half-Life 
Gamma-Ray 
Energy 
(keV) 
Gamma-Ray 
Probability per 
Decay (%) 
241Am 432.2(7)a y 59.5412(2) 35.9(4) 
133Ba 10.51(5) y 80.9971(14) 
302.853(1) 
356.017(2) 
383.851(3) 
34.06(27) 
18.33(6) 
62.05(19) 
8.94(3) 
60Co 5.2714(5) y 1173.237(4) 
1332.501(5) 
99.9736(7) 
99.9856(4) 
137Cs 30.07(3) y 661.657(3) 85.1(2) 
152Eu 15.537(6) y 121.7817(3) 
244.6975(8) 
344.2785(12) 
778.9040(18) 
867.378(4) 
964.079(18) 
1085.869(24) 
1112.074(4) 
1408.006(3) 
28.58(6) 
7.583(19) 
26.5(4) 
12.942(19) 
4.25(19) 
14.605(21) 
10.207(21) 
13.644(21) 
21.005(24) 
22Na 2.6019(4) y 1274.53(2) 99.944(14) 
210Pb 22.3(2) y 46.539(1) 4.25(4) 
226Ra 1600(7) y 241.997(3) 
295.224(2) 
351.932(2) 
609.312(7) 
768.356(10) 
1120.287(10) 
1238.110(12) 
1377.669(12) 
1729.595(15) 
1764.494(14) 
7.43(11) 
19.3(2) 
37.6(4) 
46.1(5) 
5.00(6) 
15.1(2) 
5.80(8) 
4.00(6) 
2.92(4) 
15.4(2) 
 
 
a
 The number in parentheses is an expression of uncertainty: 432.2 ± 0.7 y 
 
 
In experimental physics, the “efficiency” is generally defined as the ratio 
between the response of an instrument and the value of the physical quantity that is to 
be measured. For example, in -ray spectrometry the measured quantity is the total 
count rate (total  efficiency) or  the peak  count rate (full-energy-peak  efficiency or the 
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Fig.3.11 Energy calibration points together with the least- 
squares fitted quadratic function. 
 
Fig.3.12 Deviation from linearity of the energy-channel 
relation. 
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single- or double-escape- peak efficiency), and the physical quantity is the emission 
rate of photons with a specific energy.  
In the experimental determination of the efficiency it must taken into account 
that: (1) The -ray probability per decay (denoted by eγ) is in many cases smaller than 
100%; (2) -photons are emitted isotropically but only those travelling in the direction 
of the detector will be recorded; (3) Some of the photons reaching the detector will 
not necessarily interact with it. Others will transfer only a part of their energy to the 
detector, and consequently will not be recognized as having originated from a specific 
radionuclide. 
 Factors (2) and (3) are combined in a term called also “geometrical efficiency” 
of the detector γε , which depends on the detector, the energy of the -line and the 
distance of the sample from the detector. For a large sample, γε  will also depend on 
the sample size.  
 To take full advantage of -ray spectrometry, experimental efficiencies are 
determined using calibrated point sources, for which the rate of disintegrations is 
known accurately.  
 For each -ray energy γE and source-detector distance x, the experimental full-
energy-peak efficiency, was calculated using the following equation: 
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γγε
−
=
0
,
,         (3.2) 
 
where N(x, E) is the net number of measured -rays under the full-energy-peak  with 
the energy E at the given distance, photons which are emitted by a source with a 
known activity at time of standardization, A0, and emission probability eγ. t is the 
elapsed time since standardization and  the decay constant.[Daz01], [Rei02] 
 The total efficiency can be calculated similarly to that of the full-energy-peak, 
Eq.(3.2), but this time using the total count rate in the spectrum, which has to be 
extrapolated to zero keV -ray energy and corrected for natural background. The total 
efficiency is important in the calculation of coincidence-summing corrections. 
 When an absolute calibration is needed in -ray spectroscopy and whenever 
the full-energy-peak efficiency has to be known for energies of -ray other than those 
used in the calibration, it is useful to fit these experimental efficiency data points with 
polynomials, of not too high orders, or other analytical functions which describes the 
detector efficiency over the entire energy range. Usually the efficiency or its 
logarithm is fitted by a sum of terms depending on the -ray energy or its logarithm as 
an independent variable. 
Several analytical functions were tested for obtain a good description of the 
HPGe detector efficiency included in our measurements (Fig.3.13): 
 
 
i.) ( ) ( ) 3,1,lnln 1 == − iEaE i
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It was developed by B. Fazekas, [Kis98], and covers the energy range between 50 
keV and 11 MeV.  
 
ii.) ( ) ( ) 33221 lnlnln
γ
γγγγε E
a
EaEaE −+=      (3.4) 
 
it was derived by J. B. Willet, for the energy range 110 – 1333keV; 
 
iii.) A. Aksoy had divided the energy range into a low-energy (40 – 300 keV) and 
a high-energy part (300 – 1500 keV) for fitting them separately with the following 
function: 
 
 
( ) 5,0, == iEaE
i
i
i γγγε        (3.5) 
 
iv.) In order improve the description of the efficiency at low energies, B. Jäckel, 
[Jäc87], has proposed the following empirical equation for the efficiency curve: 
 
Fig.3.13 Analytical functions describing the dependence of the full-
energy-peak efficiency on the energy of the HPGe detector used in 
measurements 
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( ) ( )( ) ( )( )( ) 25lnlnexparctan2lnlnln 36542321 −++⋅⋅++= γγγγγγ piε EaEaaEaEaaE  
          (3.6)  
 
This analytical function was chosen for the following data evaluation. 
 The coefficients ai used in the fit of experimental data are presented in 
Appendix A .  
The efficiency is related to a specific source-detector geometry and a 
particular peak-analysis procedure; which is not a property of the detector. 
 The selection of the source position only, close to or far from the detector, is 
controlled by the source activity, but other aspects must be taken in consideration. If a 
smaller source-detector distance is chosen, a higher count rate for a given source is 
possible and thus the environmental background has less influence, a shorter counting 
time for a desired number of counts in the peaks (i.e., for a desired statistical 
uncertainty) can be selected and a large number of counts in peaks for a given 
counting time can be acquired. There is also an option to use a smaller amount of 
radioactive material with a given activity concentration which implies the decrease of 
the attenuation corrections 
At a larger source-detector distance, one has the following advantages: 
 
- less sensitivity of the detection efficiency to small changes in source shape and 
positioning; 
- smaller coincidence-summing corrections; 
- smaller random-summing corrections for a given source activity; 
 
 The final decision on the source-detector distance will be a compromise but 
this distance still must be accurately measured and reproduced to avoid errors in the 
relative solid angle. Also the source activity should be chosen high enough so that 
sufficiently good counting statistics is obtained and thus the uncertainty of the 
coincidence-summing corrections may be negligible even if the correction is not. On 
the other hand, the activity should be low enough to keep random-summing 
corrections low. 
 For smaller distance, the solid angle for a point source is given by the 
expression 
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where R is the detector radius and d is the distance between the source and detector.  
 In cases where detector radius R and source radius RS are smaller than d 
(detector-source distance) an approximate formula can be derived. The following 
formula was used in the present calculations of the solid angle for a specific 
configuration: 
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where dR=ω  and dRS=ψ  ( R is the detector radius, RS is the probe radius and d 
is the distance between the source and detector), with the following constraints: 	 < 
1, 
 < 1. 
 
 But in -ray spectroscopy using HPGe detectors, one usually wants to know 
the full-energy-peak efficiency for any specific source-detector configuration of 
interest. Generally, it can be calculated using one of the following methods (1) the 
semi-empirical method, or (2) the Monte Carlo method. 
 In the semi-empirical method (which is a simple and fast method), full-energy-
peak efficiency (for extended sources) is evaluated by combining point source 
measurements with computer calculations using empirical formulas. The semi-
empirical method involves some approximations and simplifications so the 
application is restricted to limited source-detector configurations.  
 In Monte Carlo method, the history of each individual photon (birth of the 
photon in the source region, its interaction with materials in all regions, and 
production as well as transport of the secondary electrons) is simulated in an 
analogous step-by-step process until the photon escapes from or is absorbed by the 
detector active zone. The disadvantage of these Monte Carlo calculations is that they 
are time consuming. 
 Among semi-empirical methods, Moens [Moe81] proposed a concept of 
effective solid angle, that the full-energy-peak efficiency of germanium detectors for 
any specific source-detector configuration of concern is evaluated from the 
experimentally determined full-energy-peak efficiency of a reference point source and 
the ratio of effective solid angles for the specific geometry to the reference geometry. 
The concept has three steps [Vid01]. First, the absolute peak efficiency ( refγε ) versus 
photon energy is experimentally determined by point sources located on the detector 
axis but far from the detector active zone (i.e. the reference source-detector 
configuration, “ref”). In the second step, the effective-solid-angle ratio, refgeo ΩΩ , 
between a specific source-detector configuration “geo”, Eq.(3.8), and the reference 
source-detector configuration is determined. Finally, the absolute peak efficiency of 
the specific source-detector configuration is calculated according to the following 
equation 
 
ref
geo
refgeo
Ω
Ω
= γγ εε         (3.9) 
 
 A comparison between the  efficiencies calculated using both methods (Monte 
Carlo method and Moens method) was performed. Because no differences were 
observed, the accuracy of Eq.(3.8) was proved; it will be used throughout the data 
evaluation. 
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 The measured pulse-height spectrum  of a source has a continuous distribution 
due to diverse effects described before, even if the characteristic photon spectrum 
consists of discrete lines of very small width . 
 It is favourable to describe the data in the region of a peak by using two 
analytical functions, one for the “background” and the other one to represent the 
“peak”. Normally, the “background” can be defined as the spectrum from any 
radiation originating outside the source (environmental background): the natural 
radioactivity of the constituent materials of the detector itself or of the auxiliary 
equipment, supports, and shielding placed in the immediate vicinity of the detector; 
terrestrial radiation; radiations from the walls of laboratory; radioactivity in the air 
surrounding the detector; the components of the cosmic radiation. When measuring -
rays of a particular energy in a spectrum, the “background” might be defined as the 
spectrum that would be observed if all the radiations, except the  rays with the 
energy of interest, were present, including the effect of the higher energy -ray as well 
as the environmental background. However it is usual to include even more in the 
term “background”, everything that is not part of the peak, like Compton scattering 
and the events which are recorded below the full-energy peak because of the escape of 
primary and secondary electrons from the sensitive volume of the detector, 
 Usually, the position of the peak is approximated by choosing a series of 
channels on either side, the background below the peak can be defined as a linear 
function (in principle, it could be more complex). Then, the peak region is fitted with 
a Gauss function used for the estimation of the peak width (i.e., FWHM) and of the 
peak position. The net count under the peak N is obtained from the difference between 
the gross summation area NS, determined by adding up the counts in a definite range 
centred at the peak position, and the background count Nb. The uncertainty in N is 
given by with bS NN + . 
 All these processes can be made with the software incorporated in our 
detection equipment.  
 
 
3.4 Data Analysis 
 
 To acquire the neutron spectrum, the reaction rates of radioisotopes identified 
from the -ray spectra and the decay curves have to be determined. These reaction 
rates were deduced from the measured activity by performing appropriate corrections 
like, for example, self-absorption effect in thick samples, the coincidence summing 
effect, the neutron flux fluctuation during samples irradiation, etc. 
 The reaction rate is given by 
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 (3.10) 
 
 The variables that appear in this equation are defined as follows: 
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 λ  : decay constant of radioactivity produced, 
 γC  : number of measured -ray counts; 
 A : atomic mass number of the sample; 
 m : sample mass; 
 a : isotopic abundance of the target nuclide; 
 NA : Avogadro’s number; 
 e : -ray probability per decay; 
 γε  : -ray detector full-energy-peak efficiency; 
 tirr : irradiation time; 
 tc : sample cooling time; 
 tm : sample measurement (counting) time; 
 ck : additional correction factors. 
 
 Values for the parameters ck were derived from various estimates being 
described later. The -ray counts were obtained from the photopeak area analysis of 
the -ray spectra using the program gamTMCA. 
 
 
3.5 Corrections to the Data 
 
 The corrections to the data, represented by the factors cik in Eq.(3.10), can be 
grouped into two distinct classes, namely, those related to the neutron irradiation 
process (neutron absorption, neutron multiple scattering, neutron flux fluctuations, 
energy dependence of the cross section) and those to the sample counting process 
(counting geometry, gamma-ray self-absorption, and sum coincidence effects) 
[Fes00]. 
 
 
 Corrections Related to Neutron Irradiation Process 
 
 Absorption of neutrons by the sample is a problem for elements with a large 
neutron absorption cross-section. The flux in the center of the sample may be much 
smaller than that at the surface. For accurate determination of the neutron flux, thin 
foils of suitable materials are usually employed.   
The corrections calculated for our samples, using evaluated neutron cross 
sections were very small, and their contribution to the total value is not significant. 
 Corrections were also applied for neutron source intensity variations during 
the irradiation time interval. The basic activation formula, Eq.(2.43), assumes a 
constant neutron flux during the time of irradiation. But, usually, the neutron flux 
varies due to the fluctuations in the deuteron beam intensity or to the depletion of 
tritium in target. The term, ( )( )irrtλ−−exp1 , in Eq.(3.10) is related to the duration of 
irradiation, tirr, and the decay constant of the activity produced, λ. Depending on the 
time profile of the flux and the half-life compared to the irradiation time, the 
corrections can be rather substantial. When the flux changes drastically (Fig.3.14) 
during  the irradiation,  the correct flux  for each  time interval  must  be taken into ac- 
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count. 
 The neutron production rate was continuously monitored by recording the 
associated  particle counts, in the case of D-T reactions, or respectively, in  case of 
D-D reactions, by recording the protons from the competitive reaction, using the 
Multi-Channel Scaling (MCS) method throughout the irradiation. 
 Usually, what one calculates is the reaction rate in a constant flux level, which 
can be taken equal to the mean flux of the irradiation: 
 
 
n
n
j
j
=
=
1
φ
φ  , with j being the time bin number    (3.11) 
 
Assuming the constant flux of φ  for the irradiation, we get from Eq.(3.10) the 
relation 
 
 
( )( ) ( ) ( )( ) CNettt mcirr ′=−−⋅−⋅−− − γγ ελλλλφσ 1exp1expexp1  (3.12) 
 
where C´ is the number of -ray counts measured with a sample irradiated with the 
constant flux, φ  and ( ) AamN AN⋅⋅= . The correction factor for source-strength 
fluctuations, cflux, is given by the ratio C to C´: 
 
Fig.3.14 Time profile of the flux fluctuations during a D-D 
irradiation.  
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with C calculated from the following relation: 
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where, 
 
 σ  : cross section, 
 n : the number of total time bins (j=1, n), 
 jφ  : relative flux at the time bin j, 
 λ   : decay constant, 
 t∆  : time bin, 
 e : -ray emission probability, 
 γε  : detector efficiency, 
 N ( ) AamN AN⋅⋅= . 
 
 In our measurements, we are interested in the determination of the real neutron 
spectrum. In the case of experiments with tritium target, the incident neutron energy 
spectrum is not monoenergetic, because of the low-energy neutrons due to scattering 
in the target material.  
 To estimate the importance of these low-energy neutrons, as a first step, the 
cut off energy, Ec is defined, above which the neutrons are assumed to be quasi-
monoenergetic with an energy E ~ 14.6 MeV [Ike88]. The position of this cut off 
varies depending on the incident deuteron energy and the reaction in question. Monte 
Carlo calculations of our incident neutron spectrum indicate a clear separation with a 
deep valley around 12.5 MeV (cf. Fig.4.5). We defined a so called “correction factor 
for low-energy neutrons”, which is given by the ratio of the sample activity produced 
by neutrons below the cut off energy versus those produced by the entire spectrum. 
Both of these yields were calculated by integrating the product of the spectrum with 
supposed cross-section excitation curves for the considered reactions. The “correction 
factor” was calculated by 
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where ( )Eφ  and ( )Eσ  are the neutron flux and the reaction cross-section, respective- 
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Table 3.3 Reaction used to derive relations between fractional  
  contribution of low energy flux below 12.5 MeV to total reaction 
  rate for the neutron spectrum at angle of 00 
 
   
Reaction 
 
 
Q – value (MeV) 
 
F.C.a (< 10MeV) 
27Al(n, p)27Mg -1.828 2.830x10-3 
27Al(n, α)24Na -3.133 1.234x10-3 
54Fe(n, p)54Mn 0.085 6.500x10-3 
56Fe(n, p)56Mn -2.913 1.386x10-3 
59Co(n, α)56Mn -4.530b 8.968x10-4 
59Co(n, 2n)58Co -10.454 3.987x10-5 
58Ni(n, p)58Co +0.401 8.670x10-3 
58Ni(n, 2n)57Ni -12.219 < 10-5 
93Nb(n, 2n)92mNb -8.831 7.107x10-4 
197Au(n, 2n)196Au -8.071 8.532x10-4 
a
 Fractional contribution  
b
 effective Q – value [Ike88] 
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Fig.3.15 Relation between fractional contributions clow of low 
energy neutrons to reactions rates versus reaction Q-values. 
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ly, at the neutron energy E. The relations between the Q-values of the used reactions 
and the fractional contribution of low-energy neutrons to total reaction rates are 
presented in Table 3.3 and Fig.3.15. 
The Q-values are dispersed reasonably well over the neutron energy from 
several hundreds keV up to above 12 MeV. For the reactions with Q-values lower 
than –3 MeV, the values of the fractional contribution of low-energy neutron to 
reactions rates are about 0.1% of the total (Fig.3.15). The fractional contribution 
rapidly increases as the Q-value increase from –3 MeV, and for the reaction with 
positive Q-values it is approximately 1% of the total. 
 These corrections can not always be neglected and clow is multiplied with the 
other correction factors in the reaction rate equation. Without this correction factor, 
the reaction rates are overestimated when the reaction has a large cross section value 
at lower energy below the D-T neutron peak. 
 
 The neutron flux attenuation in the sample can also induce serious systematic 
errors if a stack of foils is used since the neutron flux through the second foil is 
reduced by absorption in the first foil and so on. It is usually a function of the total 
macroscopic cross section multiplied by the thickness of the sample as measured in 
the direction of the neutron flux. In the case of the 14 MeV neutron flux, for example, 
the absorption is considered to be approximately exponential: 
 
 
atn
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         (3.16) 
 
where φ  represents the neutron flux after penetration through a sample of thickness d, 
0φ  is the neutron flux with no sample present and Σ  is the macroscopic cross section. 
 Fast neutron attenuation characteristics are independent of the reaction 
threshold energies, and depend only on the macroscopic cross section Σ . In the 
present experiment the neutron absorption in the stack of foils is negligible. 
 
 
 Corrections Related to -Counting Process 
  
 The geometry correction factors were already included in the estimation of the 
detector efficiency.   
 For the calculation of the photon absorption correction factor, a uniform 
distribution of both the activity and the attenuating material was assumed. Because of 
the short distance between the sample and the detector and of the thin samples, a one-
dimensional treatment was used and the correction factor is calculated from the 
number of photons absorbed in the source: 
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where, 
 
 µ  : linear absorption coefficient; 
d   : sample thickness, 
 
 The value of the linear absorption coefficient µ  was derived from the value of 
the total mass absorption coefficient, calculated with the program XCOM [Ber99]. 
 The correction factors for self absorption were small and had values of 1% in 
the worst case. 
 
 Finally, coincidence summing corrections may be necessary when a 
radionuclide emits two or more photons in sequence within the resolution time of the 
detector. When the first photon 1γ  with the energy 1γE deposits all its energy in the 
detector crystal and if a coincidence photon 2γ  with 2γE  is also detected, a sum pulse 
is recorded at the energy 
21 γγ EEEsum += , leading to the loss of the event from the 
full-energy-peak of the first and second photon. The importance of the corrections 
depends on the probability with which the second photon is also detected (total 
efficiency 2tε ). Hence the corrections depends only on the source-detector distance 
but is independent of count rate. For example, the sum correction for 24Na activity 
which is produced by the reaction of 27Al(n, )24Na is quite important since 24Na 
decays by cascade -rays of 1368 and 2754 keV. 
 The principle of the calculation of the correction factor is explained using the 
simple decay scheme of 27Mg. (Fig.3.16) 
 
 
 
 
 
 
 
 In the absence of coincidence summing (and other corrections), the count rate 
of transition 1, (170.68 keV), is given by:   
Fig.3.16 Decay scheme of 27Mg to illustrate the summing 
coincidence corrections 
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1110 εeAC =          (3.18) 
 
 where A is the source activity, 1e  the emission probability for 1γ  and 1ε  the full-
energy-peak efficiency for 1γ . 
 In fact, the observed count rate in the full-energy-peak, 1C , will be smaller 
than 10C . Since each 1γ -transition is followed by a 2γ –transition (843,74 keV) in 
coincidence, the observed count rate is then given by 
 
 
211111 teAeAC εεε −=        (3.19) 
 
because the probability of counting 2γ , is equal to the total efficiency 2tε . From 
Eq.(3.18) and Eq.(3.19) the correction factor is derived as: 
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 The situation for transition 2, (843.74 keV), is different, since a fraction of this 
2γ -transition is preceded by a β -decay rather than by 1γ -transition. The observed 
count rate, C2, is: 
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 The correction factor in this case is given by 
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The factor 21 ee  is the ratio of 2γ -transition that are preceded by 1γ -transition. 
 Summing of 1γ -transition and 2γ -transition leads to additional events in peak 
3, (1014.42 keV), when both photons deposit all of their energy in the detector and 
occur, in the experimental spectrum, with the probability 211 εεe . The summing 
correction factor is then given by  
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When the activity to be measured has multiple cascade -rays, the correction 
factor can be deduced from the probabilities of -ray emission, using the same 
principle.  
The preferred way to determine the summing correction factors is the 
experimental one than using mathematical formulas, because these corrections are 
applied only to certain nuclides. In principal, these summing corrections must be 
performed for each individual transition,   
 
 
3.6 Spectrum Adjustment 
 
 Neutron spectrum adjustment (unfolding) means basically to find the neutron 
energy spectrum from a set of measured reaction rates. In principle, there is a set of 
equations of the following type: 
 
( ) ( )∞= 0 dEEER ii φσ    for i = 1 to n     (3.24) 
 
where 
 
 Ri : measured reaction rate per target nuclide at saturation for the ith 
    reaction; 
 ( )Eiσ  : energy dependent cross section for ith reaction; 
 ( )Eφ  : energy dependent neutron flux density per unit energy interval; 
 n : number of measured reaction rates used in spectrum adjustment. 
 
This type of equations is known as Fredholm integral equation of the first kind. The 
problem to be solved is to deduce ( )Eφ  from a finite number of measured reaction 
rates Ri which is, in a mathematical sense, impossible since ( )Eφ  is a function of a 
continuous variable. 
 Most frequently, the unfolding problem is solved by representing the neutron 
spectrum in numerical form, i.e. the energy scale is divided into m energy groups and 
the differential flux is replaced by its average over these energy intervals. In this 
numerical form the set of equations (3.24) is approximated by a discrete form 
bringing it to a system of m equations [Mat02]: 
 

=
=
m
j
jjiiR
1
φσ        (3.25) 
 
where 
 
 m : number of energy groups considered; 
 jφ  : neutron flux in the energy group; 
 jiσ  : effective microscopic cross section of the reaction i in the energy 
  group j. 
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 In real cases the number of the energy groups is much larger than the number 
of the measured reaction rates (m > n), therefore, the system of equations can not be 
solved and some additional assumptions are required. Thus, the solution obtained will 
also depend on these additional assumptions which, hence, can not be arbitrarily 
chosen but must have a physical basis. Although various mathematical methods can 
be applied to solve Eq.(3.25) one must chose that which yields a consistent result. The 
choice of additional assumptions will depend on the type of application and on the 
type of mathematical method used to obtain a solution. Distinctive features for 
various physical applications which predetermine the assumptions are: 
 
- the energy dependence of the cross section, i.e. threshold or resonance 
shape. 
- the required energy range over which the solution is desired. 
- the required number of detectors is different for various energy regions and 
some energy ranges are not covered by the measured reaction rates at all. 
- a priori qualitative and quantitative knowledge about the expected solution. 
 
In other words, the neutron spectrum unfolding procedure can be considered as 
a physically conceived and mathematically consistent method to correct an initial 
approximation to a neutron spectrum, based on the use of measured reaction rates. 
[Mat94] 
 At present a large number of neutron spectra unfolding codes have been 
developed and are in use around the world. An example of these codes is SAND-II 
(Spectrum Analysis by Neutron Detectors – II) [McE67], which obtains its solution 
by introducing additional information in the form of an input spectrum, and iteratively 
refines this input spectrum. The solution depends, more or less, on the input spectrum, 
but, if the input spectrum is far from the real one, the iteration procedure may yield an 
unphysical results. The main difficulty is that it is not clear how the solution depends 
on the input spectrum. 
 In order to solve this problem in neutron spectrum adjustment, in addition to 
other associated problems, the Nuclear Data Section of IAEA (International Atomic 
Energy Agency) coordinated an international exercise, known as REAL (Reaction 
Rates Estimates Evaluated by Adjustment Analysis in Leading Laboratories). The aim 
of this exercise was to check the applicability of input data, to prove the cross section 
library and its covariance and to check the consistency of results with different 
adjustment codes. These exercises resulted in the Neutron Metrology File NMF–90 
[Koc96], which is an integrated data base for performing various spectrum adjustment 
calculations. 
 From NMF–90, the adjustment code selected for “calibration” of D-T and D-D 
neutron generator spectra is the STAYNL code. A brief description of this code and 
of the NMF – 90 are presented in Appendix B.  
 
 
 Pre-Information. Compilation of Cross Sections 
 
 The pre-information is the information made available by calculating the 
requested  solution before starting  of the spectrum  adjustment procedure. It comes in 
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the form of a priori spectrum and the neutron cross sections for the nuclear reaction 
that are necessary, in addition to the reaction rates, for the adjustment of the neutron 
spectrum. Particularly, the accuracy of the priori spectrum is most important for the 
adjustment of the neutron spectrum and obtaining a unique solution. This is usually 
achieved through accurate modelling of the irradiation region with an appropriate 
mathematical tool.  
 The initial guess spectra, in our experiments, were calculated by the Monte 
Carlo neutron transport code MCNP–4B using a full 3D geometry model of the 
assembly, the neutron generator and the experimental hall 
 The initial guest spectra have to be adjusted to be consistent with our 
measured reaction rates. In principle, for the adjustment of a neutron spectrum, each 
reaction rate must be calculated using the a priori spectrum and the neutron cross 
section data from neutron cross section library. The calculated reaction rate is then 
compared with measured reaction rate, and the guess spectrum is adjusted to obtain 
agreement between both reaction rates. Therefore, the neutron cross section data of 
the reactions used for the measurement of the neutron reaction rate are very important 
in this procedure. 
 The neutron cross sections and uncertainty information used in the following 
adjustments were taken from the IRDF-90/NMF-G package, which is a modified 
version of the IRDF-90 v.2 library. 
 
 
3.7 Results and Discussion 
 
 The measured reactions rates, the calculated spectrum and the neutron cross 
section data along with their uncertainty information were fed to the STAYNL code. 
A subset of reactions has been chosen from Table 3.1, to determine the neutron 
spectra at the D-T and D-D neutron generators.  
 Firstly, as guess spectrum for the D-T reaction we have chosen, one of the 
spectra from the NMF-90 packet, that is the RTN spectrum (fusion simulation 
spectrum measured at the RTNS-II, a 14 MeV neutron source at the Lawrence 
Livermore Laboratory). The initial guess and the adjusted spectrum are compared in 
Fig.3.17. The initial guess spectrum has been renormalized so that the total fluxes are 
equal.  
 A comparison between the guessed and adjusted energy spectra in different 
energy regions of the spectra shows that the ratio G/A, in the thermal region (E < 0,5 
eV), is very low, about 0.50 (Fig.3.18). Also in the energy region between 0.5 eV and 
100 eV the G/A is about 0.97, and becomes stable up to 13 MeV. In the region of the 
14 MeV peak, the ratio between the two spectra over the entire energy range is 1.628.  
The ratio of calculated to experimental reaction rates are included in Fig.3.19. 
For the 197Au(n,)198Au reaction, the C/E ratio has a value of about 26, which together 
with the worst agreement in the different energy region are good characteristics that 
our guess spectrum is not good. 
 
 In the second step, as initial guess spectrum a spectrum calculated by the 
MCNP code was chosen. The influences of the experimental hall were also taken into 
considerations. The initial guess and adjusted spectrum are compared in Fig.3.20. In 
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the thermal region the ratio between the guessed and adjusted flux spectra is around 
0.995. After this region, the adjusted spectrum shows an exponential slope, followed 
by a flat region between about 6 and 12.5 MeV with a G/A ratio around 1.0 and a 
peak structure at 14 MeV. The ratio between the two spectra in the peak region is 
about 0.993 (Fig.3.21). This indicates a good agreement between the two spectra over 
the entire energy region.  
The calculated to experimental ratio for reaction rates are included in Fig.3.22, 
and it can be observed that the value for the 197Au(n, )198Au reaction is good. 
 
We have also calculated with the MCNP-4B code a guess spectrum for the 
neutrons emitted from D-D reactions. For this neutron sources, as already said in 
section 3.2, the smaller number of suitable reactions is the main limitation for an 
unfolding procedure. In this measurement only the 54Fe(n, p)54Mn, 58Ni(n, p)58Co and 
197Au(n, )198Au were utilized. The calculated to experimental reaction rates are 
1.180, 1.288, 0.729 respectively and the ratio between the guessed and adjusted flux 
density of 0.988 is constant over the entire energy range (Fig.3.23).  
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Fig.3.17 Comparison of initial guess spectra RTN from NMF-
90 package and adjusted neutron spectra obtained with 
STAYNL. 
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Fig.3.19 The ratios of calculated-to-experimental reaction rates 
for 9 reactions used for the adjustment of the RTN neutron 
spectrum.  
Fig.3.18 Ratio Guessed / Adjusted spectrum in different 
energy regions for the RTN spectrum 
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Fig.3.20 Comparison of initial guess spectra calculated with MCNP 
code and his adjusted neutron spectra obtained with STAYNL. 
Fig.3.21 Ratio Guessed / Adjusted spectrum in different energy 
regions for the MCNP spectrum 
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Fig.3.21 Comparison of initial guess spectra calculated with MCNP 
code for the D-D neutron generator and his adjusted neutron spectra 
obtained with STAYNL. 
Fig.3.22 The ratios of calculated-to-experimental reaction rates for 
10 reactions used for the adjustment of the initial guess spectrum 
calculated with MCNP code. 
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Chapter 4 
 
 
 
Measurement and Analysis of Neutron Flux Spectra in 
Tungsten  
 
 
 
 
Tungsten is an important material for divertor plates and also a constituent of 
reduced activation structural materials of fusion reactors. Integrals experiments are 
required to benchmark the nuclear data.  
The spectral neutron fluence (or flux) measured outside and inside of thick 
assemblies, which are irradiated with 14 MeV neutrons, is the basic quantity to be 
investigated in fusion neutronics. The reliable knowledge of the neutron spectra is 
important not only for understanding the neutron and photon transport inside the 
assembly; they are also the basic weighting function for integral quantities such as 
activation, fission rates, gas production or nuclear heating.  
In this chapter the results of neutron flux spectra measurements, carried out in 
a tungsten benchmark by neutron foil activation method as well as their comparison 
with the neutron flux spectra obtained, in the same benchmark, using an NE213 
liquid-scintillation spectrometer are presented. 
 
 
4.1 Experimental Configuration 
 
 The aim of the experiment was to obtain neutron and -ray flux spectra at 
typical first wall positions of a reactor for comparisons with calculated spectra 
obtained with the tools of the reactor design. A block of W with a thickness of 16 
mean-free-paths ( mmx 300 ≈ ) for 14 MeV neutrons was irradiated at the Frascati 
Neutron Generator (FNG). 
 The experiment set-up (shown in Fig.4.1) consisted of a block of DENSIMET 
alloy, formed from 28 pieces of various shapes, assembled to obtain a size of about 47 
cm x 47 cm x 49 cm and having the weight 1.8 tons. The W alloy of the central part 
had a density of 18.1 g/cm3 and an elemental composition of 95 wt-% of W, 1.6 wt-% 
of Fe and 3.4 wt-% of Ni. The W alloy above and below the central slab (thickness 7 
cm) had a thickness of 17.7 g/cm3 and an elemental composition of 93.2 wt-% of W, 
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2.6 wt-% of Fe and 4.2 wt-% of Ni. Four lateral access channels (P1, P2, P3, and P4) 
at  5, 15, 25 and 35 cm, distance from  the front  position allowed  the insertion  of the 
 
 
 
 
 
detectors. Flux spectra were measured simultaneously at the block surface (F) and in 
the first position (P1) with the neutron foil activation method and independently in all 
four positions (P1, P2, P3, P4) using an NE213 liquid-scintillation spectrometer. 
When the foils or the detector were located at one of the positions, the other access 
channels were filled with cylinders made of DENSIMET. In each cylinder, a thin slot 
was realized (4.4 mm) to locate activation foils in the exact position using a thin Al 
holder. 
 For the neutron foil activation method, the selected neutron activation 
reactions presented in Table 3.1, (Chapter 3), were used to determine the neutron flux, 
from low energy up to the fusion peak. All the used foils had 25 mm in diameter. The 
thickness of the samples ranges from 0.25 to 1.02 mm, but Gold foils were 7 m 
thick. All foils were certified as high purity materials. The samples were stacked into 
two packets for front (F) and first position (P1) irradiation. The possible attenuation of 
the neutron flux in the assembly is essentially due to the geometry and interactions 
with W, not to neutron interactions within the samples, because the thickness of 
sample is much less than the mean free path.  
 Using the NE213 detector both neutron and -ray flux spectra were measured 
simultaneously. The dimensions of the cylindrical active volume of the detector were 
3.8 cm in both height and diameter. Its material had a mass density of 0.874 g/cm3 
and an elemental composition of 54.8 at-% H and 45.2 at-% C. For each registered 
event both  the pulse height  and a pulse-shape parameter  to distinguish between neu- 
Fig.4.1 Geometry of the benchmark assembly 
(Positions: F-front, P1, P2, P3, P4-inside positions) 
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trons and -ray were recorded. The flux spectra  were determined from the pulse-
height distributions. The response matrices of the detector were determined on the 
basis of detailed simulations of experimental distributions from monoenergetic 
neutrons and -sources with the MCNP code. 
 The tungsten assembly was located on a movable tower, at 4 m from the floor, 
in front of the FNG target, 5.3 cm from the neutron source (Fig.4.2). Because of this 
location, the contribution of backscattered neutrons to the neutron source was 
minimized. 
 The FNG used the T(d, n)4He nuclear fusion reaction to produce nearly 
isotropically 14 MeV neutrons at a rate of 1011 s-1. At FNG a beam of deuterons is 
accelerated up to 300 keV by means of a linear electrostatic tube and directed onto a 
tritiated-titanium target obtained by tritium absorption in a titanium layer of 4.4 m 
thickness, which is placed on the bottom of a copper cup. The beam power dissipated 
on this layer is removed by water flowing on the surface of the copper backing. The 
target is enclosed in a support designed to minimize the neutron scattering. 
As FNG was designed for conducting neutronics experiments in the frame 
work of the research activity on controlled thermonuclear fusion (mostly employed to 
perform benchmark experiments for the validation of nuclear data), a detailed 
characterization of the source in terms of both absolute intensity and angle-energy 
distribution of emitted neutrons was carried out in the past [Mar94]. 
 The time-dependent neutron emission is monitored by a small silicon surface-
barrier detector located inside the vacuum beam tube at an angle of about 179.1 
degrees, which counts the -particle associated  with  the neutrons  from the D-T reac- 
Fig.4.2 The W benchmark in front of the FNG target 
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tion, and by a BF3 dose rate counter. To eliminate the large background due to the 
high yield of scattered deuterons, a thin aluminium foil was placed in front of the -
detector surface.  
Additionally, other independent methods were employed (fission chambers, 
activation foils) validate the -particle method. The comparison of these methods and 
the analysis of the associated uncertainties confirm the 14 MeV neutron strength to be 
measured with ± 2% accuracy. 
 The two foils packets located in front (F) and in position P1 of the W block 
were irradiated with neutron produced by 260 keV accelerated deuterium ions for 
2488 s. The total neutron yield measured by the  associated particle method, resulted 
to be 8.90 x 1013 ± 3% neutrons. The flux of neutrons was kept almost constant during 
the irradiation time, with a slightly lower rate during the first 280 seconds, and a 24 
seconds irradiation stopping, as shown in Fig.4.3. In the first position, P1, the foils 
were placed in a slit of a tungsten-cylinder which filled the P1 opening, also P2, P3, 
P4 were filled with a solid tungsten-cylinder. 
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After the irradiation, the foils were removed and their induced activities were 
measured using two HPGe detectors (with 40% and 50% relative efficiency) 
calibrated by standard commercially certified -sources. The activities of the foils 
irradiated in the front position (F) were measured with the first detector (40% relative 
efficiency) which has the following characteristics: the crystal diameter is about 59.0 
mm, the length is 80.5 mm, the inactive Ge front layer is 0.7 mm, and the absorbing 
external layer, made of aluminium, is 1.27 mm thick. The 50% relative efficiency 
detector, used  to measure  the activities from  the other packet, has a crystal with 68.9 
Fig.4.3 Time profile of the flux fluctuation during the D-T 
irradiation at FNG 
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mm in diameter and 54.6 mm in length, with the same inactive Ge layer of 0.7 mm 
and 1 mm thick absorbing external layer made of aluminium. 
 To minimize the uncertainties of source-detector geometry, all of the foils 
were placed at the same distance from the detector as the calibration sources: 11 cm 
for the F position and 10 cm for P1 position. 
 Reaction rates were derived from the measured counts considering the decay 
constant, the efficiency, and the number of atoms in the sample according to 
Eq.(3.10).  
 
 
4.2 Evaluation of the Measured Data 
 
In order to use the activation foils to determine the neutron flux spectrum by 
means of the unfolding techniques, the code STAYNL [Szo95], which is part of the 
MIEKE package [Mat94], from Neutron Metrology File NMF-90 [Koc96], was 
employed. The STAYNL code, based on the linear least-squares method, is the 
unfolding algorithm recommended for use when good a priori information and 
consistent  measurement results  are available. The cross sections needed for spectrum 
 
 
 
 
 
 
Fig.4.4 MCNP Model of the W alloy experiment with activation foils 
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unfolding were based on a 640 energy groups structure and taken from IRDF-90.2 
(International Reactor Dosimetry File) [Koc93] cross section library. 
 The procedure starts with a guess spectrum, to be adjusted by the unfolding 
code. This spectrum was calculated with the Monte Carlo transport code MCNP-4B 
making use of a full three-dimensional geometry model of the assembly, the neutron 
generator as well as the surroundings (assembly rack, walls and floor of the 
experimental hall), Fig.4.4. Furthermore, the energy-angle distribution of the source 
neutrons as generated in the tritiated-titanium target was taken into account.  
 For the guess spectrum the nuclear data were taken from the FENDL/MC-2.0 
library [Wie98]. 
 It is necessary to remember that such an adjustment (to take a priori solution, 
that constitutes the best estimation of the solution, which is adjusted to make it more 
consistent with the measured data) may be inefficient over the energy regions where 
the neutron activation cross sections are very small or zero, respectively, below the 
threshold energy for the (n, p) and (n, ) for example. Moreover, the quality of the 
unfolding results of the iterative process can be greatly influenced by how close is the 
a priori input solution to the true distribution.  
 
 
4.3 Results of the Neutron Foil Activation Measurements 
 
 Initial guess spectra were calculated with MCNP-4B separately for the 
positions F and P1, Fig.4.5. In the neutron source peak region ( E > 12.5 MeV), the 
neutron flux in the front position (F) is bigger than the neutron flux in the first 
position P1, because a part of the 14 MeV neutrons produced by the target, is 
scattered in the first 5 cm of the tungsten assembly. Between E = 1 MeV and the peak 
region, both spectra have about the same shape and approximately the same values. In 
the thermal region, the interactions between the neutrons and the W assembly induce 
large values for the P1 spectrum compared to the other one. 
Because of the constraints imposed by the STAYNL software on the input 
spectrum (maximal 61 energy groups), the guess spectrum calculated with the MCNP 
code for the front position F (using the nuclear data taken from FENDL-2), was 
transformed to the distribution shown in Fig.4.6, maintaining the 14 MeV peak shape 
and averaging, over certain energy intervals, the initial spectrum. 
 The initial calculated spectrum, and the adjusted neutron flux spectrum (the 
“measured” spectrum) are compared in Fig.4.7. The adjusted spectrum is below the 
initial spectrum but the shape of the spectrum is preserved.   
 For fast neutrons (E > 1 MeV), the calculated neutron fluence integral per 
source neutron is (3.61 ± 0.043) · 10-3 cm-2, and the adjusted one is (3.40 ± 0.047) · 
10-3 cm-2, respectively the G/A ratio is 1.06 ± 0.025. The uncertainties of the 
experimental results take into account those of the measured spectra, the background 
subtraction and the neutron source monitoring. For the calculated values only the 
statistical uncertainties of the Monte Carlo computations, being < 1% at all points, 
were taken into account. 
 The calculated-to-experimental ratios for the reaction rates are included in 
Fig.4.8. 
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Fig.4.5 Comparison of the initial guess spectra at front (F) and 
P1 position, calculated with MCNP - 4B code for the foil 
activation. 
Fig.4.6 Comparison between the guess spectrum (MCNP) and 
the transformed input spectrum for the STAYNL unfolding 
code for position F. (If only a red line is shown it also 
represents the initial guess spectrum.) 
 71 
0 2 4 6 8 10 12 14 16
10-6
10-5
10-4
10-3
10-2
 
 
 Initial guess spectrum (MCNP)
 adjusted spectrum (STAYNL)
Φ
n(E
) / 
(M
e
V 
-
1  
cm
-
2 )
E / MeV
 
 
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
59
Co
(n,
 
2n
)58 C
o
93
Nb
(n,
 
2n
)92
m
N
b
19
7 A
u
(n,
 
γ)1
98
Au
19
7 A
u
(n,
 
2n
)19
6 A
u
58
N
i(n
,
 
2n
)57 N
i
58
Ni
(n,
 
p)5
8 C
o
56
Fe
(n,
 
p)5
6 M
n
59
Co
(n,
 
α
)56 M
n
27
Al
(n,
 
α
)24 N
a
Ca
lc.
 
/ E
xp
.
 
 
 
 
Fig.4.7 Initial guesses and adjusted neutron spectrum fluxes for 
the position F. 
 
Fig.4.8 The ratios of calculation-to-experiment for the reaction 
rates used for the adjustment of the front neutron spectrum. 
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 The transformation of the initial guess spectrum calculated with the MCNP 
code for position P1, into the input spectrum for the unfolding code STAYNL, 
maintaining the peak shape, is shown in Fig.4.9. 
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 The initial guess spectrum, for position P1 in the tungsten assembly and the 
results of the adjustment obtained with the unfolding code STAYNL are shown in 
Fig.4.10. The resulting spectrum is lower, maintaining the same shape. 
The ratios of guess-to-adjusted values (G/A) show a systematic trend of 
overestimation. For the fast neutrons (E > 1 MeV), the calculated neutron fluence 
integral per source neutron has the value (8.095 ± 0.28) · 10-4 cm-2, and the measured 
neutron fluence integral per source neutron has the value (7.285 ± 0.288) · 10-4 cm-2, 
respectively, the G/A ratio is 1.11 ± 0.08. The given errors represent the total error on 
the G/A comparison, i.e. the experimental error and the MCNP statistical uncertainty 
summed quadratically.  
The calculated-to-experimental ratios for the reaction rates are presented in 
Fig.4.11.  
 For the reaction 197Au(n, )198Au, the C/E ratio is around 0.9, which can 
indicate that the volume of the foil packets utilized to measure the neutron flux 
spectrum in the first position (P1) does not disturb this flux. The C/E values for high 
threshold  detectors ( 58Ni(n, 2n)57Ni, 93Nb(n, 2n)92mNb ) are very  close to unity in the 
Fig.4.9 Comparison between the guess spectrum (MCNP) and the 
transformed input spectrum for the STAYNL unfolding code for 
position P1. 
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Fig.4.10 Initial guess and adjusted neutron spectrum fluxes for 
the first position (P1). 
 
Fig.4.11 The ratios of calculated-to-experiment for the reaction rates 
used for the adjustment of neutron spectrum at position P1. 
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first position, showing that the calibrations of the neutron source and the geometrical 
modeling in the calculation are correct. 
 The 93Nb(n,2n)92mNb reaction is suited to examine the integral neutron flux 
above 10 MeV because of the cross section shape. The C/E values of the 
93Nb(n,2n)92mNb reaction confirms the agreement between the calculations and 
experiment. 
 
 
4.4 Results of the Measurements with NE213 Detector 
 
 The experimental neutron spectra obtained with the NE213 liquid-scintillator 
spectrometer at the four positions are presented in Fig.4.12. The measured spectra 
show in the low energy part an exponential slope, a flat region between 5 and 12.5 
MeV and a broad peak structure at 14 MeV. 
 For the position P1, in the case of the NE213 liquid-scintillator spectrometer 
experiment, the neutron flux spectra calculated with the Monte Carlo code MCNP-4B, 
using different nuclear libraries, FENDL-2, FENDL-1 [Gan94] and EFF-2.4 [Kop94], 
are compared with the measured spectrum in Fig.4.13. These spectra were calculated 
as average flux in the scintillator volume by means of the track length estimator of 
MCNP. 
 In general, the neutron energy distribution at these positions is predicted by 
the calculations, except for the EFF-2.4 calculations where a peak structure is 
obtained in the energy range between 6 and 8 MeV. 
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Fig.4.12 Neutron flux spectra measured with an NE213 liquid-
scintillator spectrometer, at four detector positions and normalized 
to one source neutron. 
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 In Table 4.1 the neutron flux spectra after integration over coarse energy 
intervals are compared and calculated-to-experiment ratios are presented [Fre03.1].  
 The total neutron fluence (E > 1.0 MeV) is well reproduced by all of the 
calculations. However, the transmitted neutron source peak (E > 12.5 MeV) is 
underestimated by FENDL-2, FENDL-1 and EFF-2.4 data. To improve the 
calculation in the peak region, a narrow energy group structure in Monte Carlo code 
was used, for the same nuclear data library, Fig.4.14, [Fre03.1]. The improved 
spectrum overestimated the experimental spectrum in the region of the 14 MeV, and 
the peak has a narrow form. 
 The neutron flux above 12.5 MeV is most sensitive to the (n, 2n) cross-
section: as shown in Fig.4.15, the (n, 2n) reaction has its maximum at about 14 MeV 
and, hence, is the main contributor to the neutron population of the low energy range. 
A too high (n, 2n) cross section in the data library as seen in Fig.4.15, results in an 
underestimation of neutron flux in the energy range E > 12.5 MeV and an 
overestimation at low energies which was observed in Fig.4.13 between 6 and 9 MeV. 
These effects are anticorrelated. 
 The deviation of the calculated spectra above 12.5 MeV from the experimental 
one should be briefly discussed. When applying an NE213 liquid scintillator 
spectrometer the intensity of scintillation light (pulse height) is recorded which is 
produced by recoiling protons from elastic scattering of neutrons off protons 
(hydrogen nuclei) when  the latter are stopped in the liquid. This pulse height distribu- 
Fig.4.13 Measured and calculated neutron flux spectra (normalized 
to one source neutron) for the first position (P1)  
 
 76 
 
 
 
 
 
Nuclear Data Library 
Energy range / MeV 
 
 
expφ / cm-2 
 
calφ / cm-2 
 
C / E 
 
EFF-2.4         1.0 –   5.0 
                       5.0 – 12.5 
                            > 12.5 
          >   1.0 
 
(2.75 ± 0.21) · 10-4 
(5.68 ± 0.59) · 10-5 
(4.84 ± 0.31) · 10-4 
(8.15 ± 0.55) · 10-4 
 
(3.13 ± 0.01) · 10-4 
(5.94 ± 0.04) · 10-5 
(4.57 ± 0.01) · 10-4 
(8.30 ± 0.02) · 10-4 
 
1.14 ± 0.09 
1.05 ± 0.11 
0.95 ± 0.06 
1.02 ± 0.07 
 
FENDL-1      1.0 –   5.0 
5.0 – 12.5 
> 12.5 
>   1.0 
 
(2.75 ± 0.21) · 10-4 
(5.68 ± 0.59) · 10-5 
(4.84 ± 0.31) · 10-4 
(8.15 ± 0.55) · 10-4 
 
(3.12 ± 0.01) · 10-4 
(6.33 ± 0.04) · 10-5 
(4.55 ± 0.01) · 10-4 
(8.30 ± 0.02) · 10-4 
 
1.13 ± 0.09 
1.11 ± 0.11 
0.94 ± 0.06 
1.02 ± 0.07 
 
FENDL-2      1.0 –   5.0 
5.0 – 12.5 
> 12.5 
>   1.0 
 
(2.75 ± 0.21) · 10-4 
(5.68 ± 0.59) · 10-5 
(4.84 ± 0.31) · 10-4 
(8.15 ± 0.55) · 10-4 
 
(3.04 ± 0.01) · 10-4 
(6.74 ± 0.04) · 10-5 
(4.49 ± 0.01) · 10-4 
(8.20 ± 0.02) · 10-4 
 
1.11 ± 0.09 
1.19 ± 0.12 
0.93 ± 0.06 
1.01 ± 0.07 
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Table 4.1 Measured and calculated neutron fluence integrals per source 
neutron and C/E (calculation/experiment) ratios at detector position P1. 
Fig.4.14 Comparison of measured neutron flux spectrum with an 
NE213 spectrometer and the two calculated neutron spectra using 
different geometrical models of the benchmark in the Monte Carlo 
code (FENDL-2). 
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tion is unfolded ([Unh02]) to yield the neutron energy spectrum. Hence, the obtained 
neutron energy spectrum depends on the resolution with which the pulse height 
spectrum was measured, and the resolution is mainly affecting the light intensity at its 
minimum and maximum value. 
 
 
4.5 Comparison Between Foil Activation and NE213 Measurements 
 
 When comparing the results from the foil and NE213 measurements one 
should keep in mind the different geometry: an NE213 detector represents a sizable 
source of distortion, while a foil does not. This is readily seen in Fig.4.16. For the 
NE213 spectrometer these spectra represent the neutron flux in the cylindrical 
scintillator volume. In the case of the neutron foil activation method, the thickness of 
the foil packet is negligible compared with the volume of the NE213 detector. Hence, 
the foils do not disturb the spectrum as in case of the NE 213 liquid-scintillator 
spectrometer which contains carbon and hydrogen atoms, hence the neutron flux is 
affected due to neutron induced reactions in these materials. In comparison, the 
absorption of neutrons in foils is negligible because thin foils are employed and the 
possible correction factors are small. Therefore, the distortion of the spectrum in and 
at the tungsten assembly by the foils is less and the neutron flux can be more accurate- 
Fig.4.15 Comparison of evaluated and measured (n, 2n) cross-
section for W-nat. 
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Fig.4.17 Comparison between the calculated and the experimental  
and adjusted neutron flux spectra, for the two methods employed in 
the first position measurements. 
Fig.4.16 Comparison between the simulated MCNP neutron flux 
spectra for the NE213 method and neutron foil activation method. 
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ly determined in different position inside the block, Fig.4.16. 
 In Fig.4.17 the calculated neutron spectra for the two methods employed in the 
tungsten benchmark neutron flux measurement, namely NE213 spectrometer method 
and neutron foil activation method, are compared with the experimental neutron 
spectrum obtained from the NE213, and with the adjusted spectrum obtained after the 
application of the unfolding code STAYNL. The nuclear data library FENDL-2 was 
used in the Monte Carlo calculations. 
 Different from the NE213 calculated and measured neutron flux spectra, the 
spectrum in the case of the foil activation method has in the region between the 5 and 
12.5 MeV a different slope. The calculated spectrum for the foil activation method 
has in the peak region approximately the same value as the experimental spectra 
obtained with NE213 spectrometer, which indicate that the full three-dimensional 
geometry model of the assembly, the neutron generator as well as the description of 
the surroundings is correct. 
In the energy range > 12.5 MeV, the calculated spectra and the adjusted one 
have shapes different from the NE213 experimental spectrum which shows a broader 
peak. As shown in Fig.4.17 in the region of 14 MeV peak, the calculated spectra  and 
the adjusted one have approximately the same values, probably because the effects 
introduced by the scintillator on the neutron flux are small in this energy region. The 
fine energy group structure reveals that between 12.5 and 14 MeV the foil activation 
spectra (calculated and adjusted) decreases more rapidly than the NE213 calculated 
spectrum. The broader peak measured with NE213 is probably due to the 
experimental resolution of the detector. 
 In the energy region between 5 and 12.5 MeV, the guess and adjusted spectra 
of the foil activation method, which are  here below the both NE213 spectra, show, a 
gentle increase with decreasing energy. For the NE213 spectrometer its geometry and 
compositions have, in this energy region, an important influence on neutron flux 
measurements. From 1 MeV up to 5 MeV, the two Monte Carlo calculated spectra 
have approximately the same values, and they are in good agreement with the 
experimental and adjusted spectra. 
 Whereas the NE213 liquid-scintillation spectrometer was used to measure the 
neutron flux spectra between about 1 and 15 MeV, the energy region below 1 MeV 
was covered by the calculated MCNP spectra for NE 213 and foil activation, and also 
by the adjusted spectrum obtained from the reaction rates experimentally determined 
by means of foil activation method 
 
 Taking into account that the MCNP calculated neutron flux spectra for the NE 
213 scintillator and the foil activation method used the same nuclear data library, 
FENDL-2, and the same distribution of energy, the experimental neutron flux 
spectrum measured with NE 213 can be transformed into an “experimental” spectrum 
corresponding to a foil activation measurement (Fig.4.18). 
 
 
( ) ( ) ( )( )E
E
EE NE
MCNP
foil
MCNPNEfoil
213
213
expexp Φ
Φ
⋅Φ=Φ       (4.1) 
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Fig.4.18 Comparison between the experimental spectrum measured 
with NE213 spectrometer and the spectrum obtained after the 
transformation from the neutron detection by NE213 to neutron 
detection by foil activation method (Eq. 4.1). 
Fig.4.19 Comparison between the experimental spectra and the spectra 
of neutron foil activation method. 
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This transformation is possible because in the MCNP calculations good descriptions 
of both detectors were obtained.  
 The transformed experimental spectrum between 3 and 13 MeV is in good 
agreement with the calculated and adjusted spectrum for the neutron foil activation 
method, as shown in Fig.4.19. This agreement proves, once more, that the shape of 
the experimental neutron flux measured with NE213 spectrometer is influenced by the 
volume of the detector and also by the possible interaction between the neutrons and 
the atoms of the detector material. 
 For the peak region, the transformed experimental spectrum maintain the 
shape of the NE213 experimental spectrum, therefore it is under-estimated by the 
calculated and adjusted spectra obtained from foil activation. Only at peak energy the 
transformed spectrum has the same energy flux as the adjusted spectrum.  
Below 3 MeV, the spectra are in agreement, but the influence of the NE213 
detector on the spectrum is more obvious.  
 
 
4.6 Experimental Uncertainty 
 
 All experimental results are based on the measurement of the radiation emitted 
by the activated foils. Because radioactive disintegration is fundamentally a random 
process, it is impossible to express with any precision the number of disintegration 
counts which will occur in any time interval. As a result, any measurement based on it 
will be affected by statistical fluctuations, which will lead to an inevitable source of 
error. This type of error together with the other errors encountered during the 
irradiation, data acquisition and calculation processes contribute to the flux and 
fluence uncertainty, hence affecting any use of these two parameters. In this section 
estimates of the sources of random and systematic errors are discussed. 
For neutron flux measurements, the random errors come from different 
sources. The first contribution to uncertainties comes from foil data, which consists of 
its weight and composition, in addition to systematic errors such as decay constant and 
-ray branching ratios of product isotope. The samples were carefully weighted, so 
that the error introduced by this process is small. The uncertainties in composition 
were taken from the manufacture’s data sheet.  
 The principal source of uncertainty comes from -counting process. The errors 
originate from the accuracy with which the samples were positioned with respect to 
the detector, and by the counting statistics. For the same reason, errors in the 
determination γ-ray detector efficiency, and changes in the measured room 
background, also contribute to the total systematic error. However, because the count 
rate of the samples was much grater than the background count rate, the last 
contribution was small. 
The corrections of neutron absorption in the samples were calculated with 
good accuracy and they are also quite small. Therefore, the uncertainties associated 
with these corrections are negligible. 
Systematic errors result also from uncertainties in the set of cross-sections 
used in the unfolding calculations, in the half-lives of the isotopes produced, in γ-ray 
emission probabilities, and in the activities of the calibration sources used for 
efficiency calibration of the -detector. 
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An overview of all contributions and their estimated errors to the reaction rate 
are shown in Table 4.2. 
 The main error sources were due to the γ-ray detector efficiency, the counting 
statistics, and the evaluated cross section entering the unfolding procedure. In some 
cases the errors of the γ-ray emission probability or the half-life become important. 
 The total estimated uncertainties can be calculated by taking the root mean 
square of the errors, resulting in values between 4.3% and 7.4%. 
 
 
 
Table 4.2 Items to deduce reaction rate and their estimated errors 
 
 
Contributions 
 
 
Estimated Error (%) 
1.)   Sample mass including purity < 0.2 % 
2.)   Statistics of γ-ray counts 0.7 – 3.1 % 
3.)   Detector efficiency 3 – 5 % 
4.)   Irradiation, cooling and measuring time < 0.1 % 
5.)   Self-absorption of γ-ray in the sample < 0.5 % 
6.)   Half-life (decay constant) 0 – 1.2 % 
7.)   γ-ray emission probability 0 – 1.6 % 
8.)   Evaluated reaction cross-section ~ 3 % 
9.)   Correction factor due to sum-peak of  
        -ray 
< 0.1 % 
10.) Correction factor due to neutron flux  
        fluctuation 
< 0.1 % 
11.) Uncertainties in the activities of the  
        calibration sources 
3 – 4 % 
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Chapter 5 
 
 
 
Summary and Conclusions 
 
 
 
 
 A good knowledge of the spectral neutron and photon fluence in a fusion 
device such as the International Thermonuclear Experimental Reactor is required for 
calculating the nuclear responses of interest, such as energy deposition, shielding, 
activation of structural materials, radiation damage, gas production, all of which need 
to be taken into account when designing future fusion reactors.  
Measurements on tungsten were motivated by the fact that tungsten represents 
a preferred material for divertor and baffle areas and is a constituent of reduced 
activation structural materials. The comparison of measured neutron related quantities 
in a tungsten assembly with the same quantities calculated with the MCNP-4B (Monte 
Carlo neutron and photon transport) code allows the validation of the tungsten 
evaluated nuclear data files and the testing of the codes used for the reactor design. 
The objective of this thesis was the measurement of the neutron fluence 
spectrum in a tungsten benchmark assembly by means of neutron foil activation 
technique, combined with the adjustment code STAYNL. Also, the differences 
between these spectra and the neutron flux spectra obtained in the same assembly, 
making use of an NE213 liquid-scintillation spectrometer were studied. Moreover, 
this thesis contains a test of different neutron cross section data sets used in the 
calculations. 
 Optimum nuclear reactions were selected for the activation method. The 
HPGe detector employed to measure the neutron induced -ray activities was 
calibrated both in energy and in efficiency. Neutron absorption, neutron flux 
fluctuations, counting geometry, γ-ray self-absorption, and sum coincidence 
corrections necessary to be taken into consideration in the determination of the 
reactions rates deduced from measured activity were analysed. The measured 
reactions rates, together with the STAYNL unfolding code were used to determine the 
experimental spectrum. In order to check and qualify the experimental devices, e.g. 
the selection of appropriate threshold reactions, foil size, irradiation and counting 
geometry, and codes, measurements of neutron fluence and spectrum were performed 
using D-T and D-D reactions as neutron sources, before the measurements of the 
tungsten benchmark were carried out. For both neutron sources, a ratio between the 
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simulated and experimental flux density over the entire energy region, around 1.0 was 
found. 
  The tungsten assembly was irradiated at the Frascati Neutron Generator 
(FNG) with nearly isotropically produced 14 MeV neutrons by the T(d, n)4He 
reaction as used in a nuclear fusion reactor. The neutron flux spectra were measured 
by means of the neutron foil activation method in two positions (in front and inside 
the block at 5 cm distance from the front) and in four inside position using an NE213 
liquid-scintillator spectrometer. The quality of the adjusted spectrum was ensured 
through the accurate calculation of the a priori spectrum. The pre-information was 
calculated using the Monte Carlo transport code MCNP-4B, a full three-dimensional 
geometry description of the assembly and the nuclear data from FENDL/MC-2 
library. The STAYNL code using cross sections from IRDF-90.2 files was employed 
to compute the unfolded spectrum. 
As far as the neutron flux measurement by neutron foil activation technique is 
concerned, the C/E ratios are close to unity within the total uncertainty for all reaction 
rates (calculated using FENDL-2) with the exception of the C/E value for 27Al(n, p) 
reaction (C/E  1.8) in the case of the first position experiment and the C/E value for 
58Ni(n, p) reaction (C/E  1.5) in the case of the front position experiment. For the 
front position (F) measurements the ratios guessed-to-adjusted values of neutron 
fluence integral per source neutron are for the thermal region 0.81 ± 0.041 and for the 
fast neutrons region (E > 1 MeV) 1.06 ± 0.025. The G/A ratio for the total neutron 
flux is 1.05 ± 0.01. In case of the first position (P1) measurements the values of G/A 
ratios are 0.84 ± 0.04 for the thermal region, 1.11 ± 0.08 for the fast neutrons region 
and 1.09 ± 0.02 for the total neutron flux. The good agreement between guess and 
adjusted results indicates that the three-dimensional Monte Carlo transport code allow 
a very accurate modelling if a detailed description of the problem geometry is 
accounted for.  
The employment of the NE213 liquid-scintillator spectrometer led to the 
conclusion that the fast neutron flux (E > 1 MeV) in a tungsten benchmark assembly 
can be well reproduced by MCNP calculations using EFF-2.4, FENDL-1 or FENDL-2 
data. FENDL-2.0 shows the best overall agreement with the measured spectrum 
although a too high (n, 2n) cross-section probably results in the underestimated high 
energy (E > 12.5 MeV) neutron flux.  
Comparing the neutron flux spectra obtained using the multifoil activation 
method and those obtained with the NE213 detector a good agreement was found in 
the energy region between 1 and 5 MeV and in the region of the 14 MeV peak. In the 
energy region between 5 and 12,5 MeV the constraints imposed by the geometry, 
compositions and experimental resolution of the NE213 spectrometer affect the 
neutron flux spectrum.  
These influences can also be observed if one compares the measured and 
calculated values of neutron fluence integral per source neutron in the first position P1 
obtained for both methods. Transforming the experimental NE213 spectrum into a 
“experimental” spectrum corresponding to a multifoil activation measurement, taking 
into account that the same nuclear data library and the same energy distribution were 
employed in the MCNP calculated neutron flux spectra, a good agreement with the 
spectra derived from the multifoil activation measurements was found. This is due to 
the small thickness of the foil packet which disturbs the neutron field in the assembly 
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negligibly, hence the multifoil activation method significantly improves the accuracy 
of the neutron flux spectrum determination in different positions. Moreover, by 
choosing the suitable nuclear reactions, this method allows the experimental 
determination of the neutron spectrum in the energy range from thermal energies up 
to the 14 MeV peak. 
Therefore, the employment of the multifoil activation method together with 
the use of the MCNP-4B code and FENDL-2 library represents a reliable method for 
determining the neutron flux spectra in different assemblies.  
This thesis shows the applicability of the neutron foil activation technique for 
the measurement of neutron flux spectra inside a thick tungsten assembly irradiated 
with 14 MeV from the D-T generator. 
With the step from neutron generators to large power devices, such as ITER 
the application of active neutron detectors becomes impossible because of the 
disturbingly high levels of neutrons and gamma-ray background. However, the 
multifoil activation method is still feasible at these conditions and can be used to 
determine neutron flux characteristics in a fusion reactor. 
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Appendix A 
 
 
 
Coefficients of analytical functions used to fit the energy 
dependence of the photopeak efficiency 
 
 
 
 
 The following coefficients were used in the fit of the experimental efficiency 
data with the analytical functions presented in Chapter 3. 
 
 
i.) B. Fazekas, [Kis98]   
 
( ) ( )2321 lnlnln γγγγε EaEaaE ++=   (A.1) 
 
a1 = -10.82009 a2 = 3.1215  a3 = -0.35521 
 
 
 
ii.) J. B. Willet  
 
( ) ( ) 33221 lnlnln
γ
γγγγε E
a
EaEaE −+=   (A.2) 
 
a1 = -0.86568  a2 = 0.00581  a3 = 82325.034 
 
 
 
iii.) A. Aksoy  
 ( ) 5645342321 γγγγγγγε EaEaEaEaEaaE +++++=   (A.3)  
 
a1 = 0.01449  a2 = -1.720E-5  a3 = -9.102E-9 
a4 = 2.95E-11  a5 = -1.84E-14  a6 = 3.57E-18 
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iv.) B. Jäckel, [Jäc87], [Rei02] 
 
( ) ( )( ) ( )( )( ) 25lnlnexparctan2lnlnln 36542321 −++⋅⋅++= γγγγγγ piε EaEaaEaEaaE  
 
          (A.4) 
 
a1 = 27.72022  a2 = -1.53188  a3 = 0.04265 
a4 = -0.61533  a5 = 0.46515  a6 = 0.01891 
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Appendix B 
 
 
 
Unfolding Method 
 
 
 
 
 The calculation of the neutron flux as a function of energy by the threshold 
reaction technique is a case of unfolding, as we have seen in Chapter 3. Generally, to 
define the problem of folding and unfolding, one can consider the functions: 
 
 
( )xS     ∞<≤ x0  
 
( )xM     ∞<≤ x0         (B.1) 
( )', xxR   ∞<′≤ xx,0  
 
where the function ( )', xxR  is normalized to 1. 
 
 
( ) ∞ ∞ =′0 0 ' 1, xddxxxR        
 (B.2) 
 
 Folding the function ( )xS  with the function ( )', xxR  to obtain the function 
( )xM  means to perform the integration 
 
 
( ) ( ) ( )∞= 0 ''' , dxxxRxSxM        (B.3) 
 
 Unfolding means to obtain the function ( )xS , knowing ( )xM  and ( )', xxR . In 
the field of radiation measurements, folding and (especially) unfolding are very 
important operations that have to be applied to the experimental data. In most 
radiation measurements, the variable x is the energy of the particle. 
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 Neutron Metrology File - NMF-90 
 
 The Neutron Metrology File NMF-90 is an integrated data bases containing 
the input data sets for six reactor benchmark neutron fields, the cross-section library 
of dosimetry cross sections in 640-group format, unfolding codes and utility codes for 
preparing inputs necessary for the unfolding procedure, in the required formats. NMF-
90 is the result of a long term reactor dosimetry program, developed in order to 
improve the accuracy in the radiation damage characterization and hereby assessing 
the life time of the various components of a nuclear facilities. 
 NMF-90 was designed to determine neutron spectra at reactor in-core and out-
of-core locations from a combination of neutron physics calculations and foil 
activation measurements. The primary goal was to determine the radiation damage 
parameters in a given material of power and research reactors. Differential neutron 
spectroscopy methods are impractical for neutronics measurements in most reactors, 
and the foil activation method has to be used instead. The measured activation 
reaction rates, activation cross sections and their covariances together with a priori 
guess spectrum are used in a unfolding procedure to determine the neutron spectra. 
 The six input data sets can be used as sample problems for unfolding 
procedures, the criteria for selection of theses benchmarks were the high accuracy to 
which the spectrum is known, the presence of experimental activation measurements 
and the thoroughness of the error analysis. Each input data set contains the following 
information: measured reactions rates for activation foils in the benchmark neutron 
field; uncertainty information in the form of covariance matrices for the measured 
reaction rates; a priori neutron spectrum in the form of group fluence rate values with 
the respectively uncertainty information; weighting neutron spectrum in the form of 
fluence rate values per unit energy to be used in reducing the cross-section library 
IRDF-90/NMF-90 to the group structure desired by the user. [Koc96] 
 
 
 Mathematical Method 
 
 The mathematical procedure for the foil-activation method involves selection 
of an initial spectral approximation and its subsequent iterative improvement to obtain 
a best-fit simultaneous solution for a system of activation integral equations. 
 The evaluation of the spectral particle fluence ( )Eφ  from the integrating 
measurements involves solving the basic system of linear integral equations: 
 
 
( ) ( )= dEEESa ii φ    i= 1 to n    (B.4) 
 
which represent the model of the measurement. 
The vector [ ]iaa =  denotes the expectation values of the readings of the detector 
system. It is assumed that the uncertainty matrix (covariance matrix), ( )acov , of the 
vector a is known. The response function, Si(E),  has the properties of a so-called 
transmission  (or transfer) function,  where via a linear relationship the “input spectral 
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fluence” is connected to the “output detector reading”, a. [Mat03] 
Mathematically, Eq(B.4) is a degenerate case of the Fredholm integral 
equation of the first kind [Vla84]. It has no unique solution since a finite number of 
discrete measurements cannot define a continuous function ( )Eφ . Eq.(B.4) can be 
transformed at least approximately into the discretised linear matrix equation 
 
 
Φ⋅= Sa          (B.5) 
 
with the group fluence vector  
 
 [ ]jΦ=Φ    j= 1 to m     (B.6) 
 
The m components of the group fluence vector can be regarded as (integral) fluence 
values in the m energy intervals. Eq.(B.5), too, has no unique solution for m > n. 
In the over-determined case of m < n (or for m = n ), the solution is often 
calculated by the least-squares method, where the quantity 
 
 
( ) ( )[ ] ( )Φ⋅−⋅⋅Φ⋅−= − SaaSa T 12 covχ      (B.7) 
 
is minimized, with the weight matrix ( )[ ] 1cov −a . Transposing the first term 
( ( ) TTT ABBA = ) and including the weight matrix in the second term, one obtains:  
 
 
( ) ( )[ ] ( )[ ]( )
( )[ ] ( )[ ] ( )[ ] ( )[ ] Φ⋅⋅Φ+⋅Φ−Φ⋅−=
Φ⋅⋅−⋅⋅⋅Φ−=
−−−−
−−
SaSaaSSaaaaa
SaaaSa
TTTTTT
TTT
1111
112
covcovcovcov
covcovχ
     
(B.8) 
 
Note that: ( )[ ] ( )[ ] quantityscalaraaSSaa TTT =⋅Φ=Φ⋅ −− 11 covcov , therefore: 
 
 
( )[ ]( ) ( )[ ]( ) ( )[ ] mincovcov2cov 1112 =+Φ⋅−Φ⋅⋅Φ= −−− aaaSaaSaS TTTTχ  (B.9) 
 
The condition for 2χ  to be a minimum quantity means its derivate with 
respect to all variables within the equation must be zero. The only variable in this case 
is the group fluence vector Φ . Therefore: 
 
 
( )[ ]( ) ( )[ ]( ) 0cov2cov2 112 =−⋅Φ=
Φ∂
∂
−− SaaSaS TTTχ     (B.10) 
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(with CX
X
CXX TT 2=
∂
∂ ) 
Transposing the whole equation (B.10), taken into consideration that because 
( )[ ] 1cov −a  is a symmetric matrix, then ( )[ ]( ) ( )[ ] 11 covcov −− = aa T  one can obtain 
 
 
( )[ ]( ) ( )[ ]( ) 0covcov 11 =−Φ⋅ −− aaSSaS TT      (B.11) 
 
This equation is a normal equation and the solution for Φ  is given by: 
 
 
( )[ ]( ) ( )[ ] aaSSaS TT ⋅⋅⋅⋅⋅=Φ −−− 111 covcov      (B.12) 
 
 Eq.(B.12) has a unique solution if the rank of the matrix (called sometimes the 
structure matrix) 
 
 
( )[ ] SaSB T ⋅⋅= −1cov         (B.13) 
 
is maximum (i.e. if it equals the number of fluence groups m which implies m = n).  
Matrix B, generally controls the amount of the systematic uncertainties which 
are generated from the incomplete knowledge of the quantity to be measured. 
There are some possibilities of reducing this ambiguity, For example, all the 
information available on the spectrum must be used within the unfolding algorithm. 
An a priori knowledge (a pre-calculated fluence vector 0Φ  with an uncertainty matrix 
or a smoothing condition for the fluence) can be used with Eq.(B.12) to build a 
solvable system of normal equations. However, if the uncertainty matrix contains 
large uncertainty components, non-physical results such as negative elements of the 
fluence vector may be obtained. [Mat02] 
 
 
 STAYNL Program 
 
 The code STAYNL is a modified and extended version of the code STAY’SL 
developed by F. G. Perey [Per77]. It solves the neutron spectrum adjustment problem 
by a generalized least squares method in a linear space using a priori information on 
the fluence. The program performs also the neutron spectrum normalization before 
adjustment by the generalized least squares method and takes also into account the 
cross-covariance terms, derived from the calculation of the covariance matrix of the 
reaction rates [Szo94], [Szo95]. 
 Generally, the problem of determining the neutron fluence at a point of 
interest is equivalent to the problem of combining all available information on 
physical quantities (which are relevant to the point of interest) in order to get 
“improved” results [Mat94]. Such quantities are: 
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- a pre-information fluence vector 0Φ , obtained by a transport code 
calculation (assuming that the covariance matrix of the fluence is known); 
- a cross section matrix (sometimes called a response matrix) and its 
covariance matrix; 
- a vector a of measured reaction rates and its covariance matrix. 
 
The neutron spectra obtained after the calculation have a limited accuracy 
because of the: 
 
- simplifications in the modelling of the neutron transport; 
- simplifications in the description of the geometry and the arrangement and 
the material composition of the benchmark or mock-up; 
- insufficient knowledge of the cross sections involved. 
 
For that reason, the calculated neutron spectra have to be adjusted to make 
them consistent with that obtained by a set of measured reaction rates of activation 
detectors. The measure of the consistency is the value of 2χ . 
The reaction rate of the activation detectors is given, in matrix notation, by Eq. 
(B.5): 
 
 
Φ⋅= Sa          (B.14) 
 
where, 
 
[ ]iaa =  : vector of reaction rates, i =1 to n  [ ]jϕ=Φ  : vector of group fluence rates, j = 1 to m [ ]ijS σ=  : matrix of cross sections 
 n   : number of detectors (reactions) 
 m  : number of energy groups 
 
The general 2χ  expression which has to be minimized, when the parameters or 
the fluence are already known to a certain extent and the new measurement ma  is 
used for adjustment only, is  given by [EPS84]: 
 
 
( ) ( ) ( )[ ] ( ) ( ) ( )[ ] ( )
( ) ( )[ ] ( )aaaaa
SSSSSaS
mmTm
TT
−××−+
+−××−+Φ−Φ×Φ×Φ−Φ=Φ
−
−−
1
0
1
000
1
00
2
cov
covcov,,χ
 
          (B.15) 
 
where 
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0Φ  : input neutron spectrum derived from neutron transport calculations 
0S  : library (input) cross sections 
ma  : measured (input) reactions rates. 
 
The various algorithms used to find the minimum of Eq.(B.15), which can be 
considered as a typical least-squares task, make a distinction in the modelling of the 
last two terms. Only in few codes, mainly used in reactor dosimetry, the a priori 
information on the response matrix (S) can be taken into account (e.g. STAY’SL, 
LSL, MSITER); in all other cases, the second term  in Eq.(B.15) is missing. If nothing 
is known a priori on the fluence, the first term in Eq.(B.15) may be replaced by shape 
conditioning in order to obtain a non-singular system of normal equations to be 
solved. 
With the constraint Φ⋅= Sa  the minimization of Eq.(B.15) yields to non-
linear normal equations, for which, generally, the solution can be obtained by 
iteration. Because it can be supposed that the adjusted values will not be too far from 
the a priori information values, then the constraining equation can be replaced by a 
Taylor approximation in the vicinity of  0S  and 0Φ  [Mat03] 
 
 
( ) ( )111 Φ−Φ−−−−Φ− ΦaSSaaaSa S      (B.16) 
 
where 001 Φ= Sa , and Sa  and Φa  are matrix derivatives of a  at 0S  and 0Φ , where 
0Sa =Φ  and 0Φ=sa . Now, the linear least-squares adjustment is performed and one 
can obtain the solution for the fluence vector and also its uncertainty matrix [Mat94] 
 
 
( )[ ] ( )
( ) ( ) ( )[ ] ( )0100
000
1
00
covcovcovcov
cov
Φ××××Φ−Φ=Φ
Φ−×××Φ+Φ=Φ
Φ
−
Φ
−
Φ
aWa
SaWa
TT
TT
   (B.17) 
 
where W  (the weighting matrix) is given by 
 
 
( ) ( ) ( ) ΦΦ ×Φ×+××+= aaaSaaW TSTS 000 covcovcov    (B.18) 
 
It is evident that the solutions strongly depend on the a priori information values. Also 
negative fluence values are possible to appear here. 
Normally, the a priori spectrum is often not known on an absolute scale. In 
that case, the unfolding code must determine the scaling factor of the fluence. To 
minimize the possible deviation due to the different measuring units (for example m2, 
cm2, barn) the code STAYNL first performs a scaling of the input values to have the 
calculated reactions rates in the same units as the measured ones. After that, the scaled 
spectrum is adjusted: 
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scaledscaledinput f Φ×=Φ→Φ→Φ 00       (B.19) 
 
The 0f  adjustment factor is also calculated according to the generalized least 
squares method. The relative standard deviation of 0f  may be rather large. The 
propagation of this error needs to be studied and its influence on the solution spectrum 
can be investigated, too. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 95 
 
 
 
References 
 
 
 
[Alf01]Z. B. ALFASSI (Ed.), “Non-destructive Elemental Analysis”, Blackwell 
Science Ltd., 2001 
 
[Ang02] M. ANGELONE, P. BATISTONI, I. KODELI, L. PETRIZZI, M. 
PILLON, “Benchmark Analysis of Neutronics Performances of a SiC block Irradiated 
with 14 MeV Neutrons”, Fusion Engineering and Design, 63 – 64, 475 – 479, 2002 
 
[Aud95] G. AUDI, A. H. WAPSTRA, “The 1995 Update to the Atomic Mass 
Evaluation”,  Nuclear Physics A, 595, 409, 1995 
 
[Bak99] C. C. BAKER, “Advances in Fusion Technology”, in Fusion Reactor 
Materials IX. Proceedings of the Ninth International Conference on Fusion Reactor 
Material”, 10 -15 October, Colorado Springs, USA, 1 -9, 1999 
 
[Bar99] V. BARABASH et al., “Neutron Irradiation Effects on Plasma Facing 
Materials”, Fusion Reactor Materials IX. Proceedings of the Ninth International 
Conference on Fusion Reactor Material”, 10 -15 October, Colorado Springs, USA, 
1999 
 
[Bat99] P. BATISTONI, M. ANGELONE, U. FISCHER, H. FREIESLEBEN, 
W. HANSEN, M. PILLON, L. PETRIZZI, D. RICHTER, K. SEIDEL, S. 
UNHOLZER, “ Neutronics Experiment on Mockup of the ITER Shielding Blanket at 
the Frascati Neutron Generator”, Fusion Engineering and Design, 47, 25 – 60, 1999 
 
[Bec64] K. H. BECKURTS, K. WIRTZ, “Neutron Physics”, Springer-Verlag, 
1964 
 
[Bei86] K.-H. BEIMER, “Studies of Neutron Measurements Methods for 
Fusion Plasma Diagnostics”, Doctorate thesis, Chalmers University of Technology 
Göteborg, Sweden, 1986 
 
[Ber99] M. J. BERGER, J. H. HUBBEL, S. M. SELTZER, J. S. COURSEY, 
D. S. SMITH, “XCOM Photon Cross Section Database (version 1.2)”, National 
Institute of Standards and Technology USA, 1999, available at 
 http://physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html 
 
 96 
[Bri00] J. F. Briesmeister (Ed.), “MCNP – a general Monte Carlo n-particle 
transport code”, Report Los Alamos National Laboratory, LA-13709-M, April 2000 
 
[Bro02] F. D. BROOKS, H. KLEIN, “Neutron Spectrometry – Historical 
Review and Present Status”, Nuclear Instruments and Methods in Physics Research A 
476, 1 – 11, 2002 
 
[Car02] H. R. V. CARRILLO, M. P. I. de la TORRE, “Catalogue to select the 
Initial Guess Spectrum during Unfolding”, Nuclear Instruments and Methods in 
Physics Research, A 476, 270 – 272, 2002 
 
[Cec93] F. E. CECIL, H. LIU, J. S. YAN, G. M. HALE, “Measurement of 
Branching Ratios of Low Energy Deuteron-Induced Nuclear Reactions on 2H, 6Li and 
10B”, Physical Review C, Vol. 43, Nr.3, 1178 – 1183, 1993 
 
[Cer94] N. CERULLO et al., “The Need of an Accurate Neutron Spectra 
Evaluation in Neutronic Calculations for the Fusion Reactors”, Proceedings of the 
18th Symposium on Fusion Technology, 22 – 26 August, Karlsruhe, Germany, 1994 
 
[Che02] Y. CHEN, U. FISCHER, H. FREIESLEBEN, C. C. NEGOITA, K. 
SEIDEL, S: UNHOLZER, „Measurement and Analysis of Neutron and -ray Flux 
Spectra in SiC”, Progress Report on Nuclear Data Research in the Federal Republic 
of Germany,     NEA/NSC/DOC (2002)8, INDC (Ger)-048, Jül-3996, July 2002 
 
[Chu99] S. Y. F. CHU, L. P. EKSTRÖM, R. B. FIRESTONE, “The 
LUND/BNL Nuclear Data Section”, Version 2.0, 1999 - 
http://nucleardata.nuclear.lu.se/nucleardata/toi/ 
 
[Deb88] K. DEBERTIN, R. G. HELMER, “Gamma- and X-Ray Spectrometry 
with Semiconductors Detectors”, North-Holland, 1988 
 
[DeS72] D. DE SOETE, R. GIJBELS, J. HOSTE, „Neutron Activation 
Analysis“, Wiley-Interscience, 1972 
 
[Dro02] M. DROSG, “Monoenergetic Neutron Sources Based on Two-Body 
Reactions”, Contribution to the International Workshop on Fast Neutron Physics, 5 – 
7 September, 2002, Dresden, Germany 
 
[Dro03] M. DROSG, “DROSG-2000: Neutron Source Radiation, Version 2.2”, 
IAEA-NDS-87, Rev. 8 January 2003, 2003, http://www-nds.iaea.org/drosg2000.html 
 
[EPS84] “Formulae and Methods in Experimental Data Evaluation”, Vol. 3 –
“Articles on Statistical and Numerical Methods”, European Physical Society, 1984 
 
[Fes00] A. FESSLER, A. J. M. PLOMPEN, D. L. SMITH, J. W. MEADOWS, 
Y. IKEDA, “Neutron Activation Cross-Section Measurements from 16 to 20 MeV for 
 97 
Isotopes of F, Na, Mg, Al, Si, P, Cl, Ti, V, Mn, Fe, Nb, Sn, and Ba”, Nuclear Science 
and Engineering, 134, 171 – 200, 2000 
 
[Few68] T. R. FEWELL, “An Evaluation of the Alpha Counting Technique for 
Determining 14-MeV Neutron Yields”, Nuclear Instruments and Methods, 61, 61 – 
71, 1968 
 
[Fis99] U. FISCHER, P. BATISTONI, Y. IKEDA, M. Z. YOUSSEF, 
“Neutronics and Nuclear Data: Achievements in Computational Simulations and 
Experiments in Support of Fusion Reactor Design”, Proceedings of the Fifth 
International Symposium on Fusion Nuclear Technology”- Fusion Engineering and 
Design, 19 – 24 September, Roma, Italy, 663 – 680, 1999 
 
[Fre97] H. FREIESLEBEN, K. SEIDEL, S. UNHOLZER, „Experimental 
Investigation of Radioactivities Induced in Fusion Reactor Material by 14 MeV 
Neutrons“, ITER Joint Central Team and Home Team”, in Proceedings of the Fourth 
International Symposium on Fusion Nuclear Technology”, 6 – 11 April, Tokyo, 
Japan, 337 – 341, 1997. 
 
[Fre02] H. FREIESLEBEN, C. C. NEGOITA, K. SEIDEL, S. UNHOLZER, 
Y. CHEN, U. FISCHER, R. L. PEREL, M. ANGELONE, P. BATISTONI, M. 
PILLON, “Measurement and Analysis of Neutron and γ-ray Flux Spectra in SiC”, 
Report TU Dresden, Institut für Kern- und Teilchenphysik, TUD-IKTP/02-02, 2002 
 
[Fre03.1] H. FREIESLEBEN, C. C. NEGOITA, K. SEIDEL, S. UNHOLZER, 
U. FISCHER, D. LEICHTLE, M. ANGELONE, P. BATISTONI, M. PILLON, 
“Measurement and Analysis of Neutron and γ-ray Flux Spectra in Tungsten”, Report 
TU Dresden, Institut für Kern- und Teilchenphysik, TUD-IKTP/01-03, 2003 
 
[Fre03.2] H. FREIESLEBEN, C. C. NEGOITA, K. SEIDEL, S. UNHOLZER, 
Y. CHEN, U. FISCHER, R. L. PEREL, “Benchmark Experiments to Validate 
EFF/EAF Data - Measurement an Analysis of Neutron and Gamma-Ray Flux Spectra 
in SiC“, Nuclear Fusion Programme, Annual Report of the Association 
Forschungszentrum Karlsruhe / EURATOM, October 2001 – September 2002, 
Wissenschaftliche Berichte, FZKA 6820,EUR 20652 EN, Forshungszentrum 
Karlsruhe GmbH, Karlsruhe 2003 
 
[Gan94] S. GANESAN, P. K. McLAUGHLIN, “FENDL/E – Evaluated Nuclear 
Data Library for Neutron Interaction Cross-Sections and Photon Production Cross-
Sections and Photon-Atom Interaction Cross-Sections for Fusion Applications”, v. 1, 
Report IAEA-NDS-128, 1994 
 
[Hau70] W. HAUSSEN, T. SCHWEITZER, D. SEELIGER, K. SEIDEL, 
“Bestimmund der Differentiellen Neutronquellstärke der T(d, n)4He-Reaktion”, 
Nuclear Instruments and Methods, 88, 251 – 256, 1970 
 
 98 
[Hen82] H. W. HENDEL, “Neutron Yields and Energy Spectra from Fusion 
Plasmas”, Diagnostics for Fusion Reactor Conditions, Proceedings International 
School of Plasma Physics, Varenna, Italy, 6 – 17 Sept., 327 – 352, 1982 
 
[Hen03] H. HENRIKSSON, “Neutron Spectroscopy Studies of Heating Effects 
in Fusion Plasma”, Doctorate thesis, Faculty of Science and Technology, Uppsala 
University, 2003 
 
[Hug53] D. J. HUGHES, “Pile Neutron Research”, Addison – Wesley 
Publishing Company, Inc., 1953 
 
[IAEA02] “Reference Neutron Activation Library”, IAEA-TECDOC-1285, IAEA, 
April, 2002 
 
[Ike88] Y. IKEDA et al., “Activation Cross Section Measurements for Fusion 
Reactor Structural Materials at Neutron Energy from 13.3 to 15.0 MeV Using FNS 
Facility”, Report JAERI 1312, 1988 
 
[INDC02] “Summary Report of the Technical Meeting on International Reactor 
Dosimetry File IRDF – 2002”, INDC(NDS) – 435, IAEA, September, 2002 
 
[INDC03] “Development of a Database for Prompt -ray Neutron Activation 
Analysis. Summary Report of the Third Research Coordination Meeting”, 
INDC(NDS) – 443, IAEA, April, 2003 
 
[Jäc87] B. JÄCKEL et al., “On the Photopeak Efficiency of Germanium 
Gamma-Ray Detectors”, Nuclear Instruments and Methods in Physics Research, A 
261, 543 – 548, 1987 
 
[Jar82] O. N. JARVIS, “Neutron Detection Techniques for Plasma 
Diagnostics”, Diagnostics for Fusion Reactor Conditions, Proceedings International 
School of Plasma Physics, Varenna, Italy, 6 – 17 Sept., 353-382, 1982 
 
[Jar90] O. N. JARVIS et al., “Use of Activation Techniques at JET for the 
Measurement of Neutron Yields from Deuterium Plasmas”, JET-P(90) 46, Fusion 
Technology, September, 1990 
 
[Jar94] O. N. JARVIS, “Neutron Measurement Techniques for Tokamak 
Plasmas”, Plasma Phys. Control. Fusion, 36, 209 – 244, 1994 
 
[Jar02] O. N. JARVIS, “Neutron Spectrometry at JET (1983 – 1999)”, Nuclear 
Instruments and Methods in Physics Research, A 476,  474 – 484, 2002 
 
[Käl88] J. KÄLLNE et al., “Triton Burnup Measurements in JET Using a 
Neutron Activation Technique”, Nuclear Fusion, 28, 1291-1297, 1988 
 
 99 
[Kis98] Z. KIS et al., “Comparison of efficiency Functions for Ge Gamma-Ray 
Detectors in a Wide Energy Range”, Nuclear Instruments and Methods in Physics 
Research, A 418, 374 – 386, 1998 
 
[Kno89] G. F. KNOLL, “Radiation Detection and Measurement”, John Wiley & 
Sons, 1989 
 
[Koc60] R. C. KOCH, “Activation Analysis Handbook”, Academic Press, New 
York, 1960 
 
[Koc93] N.P. KOCHEROV, P.K. McLAUGHLIN, “The International Reactor 
Dosimetry File (IRDF-90)”, Report IAEA-NDS-141, Rev. 2, Oct. 1993 
 
[Koc96] N. P. KOCHEROV; “Neutron Metrology File NMF-90“, IAEA-NDS-
171, 1996 
 
[Kop94] J. KOPECKY et al., “European Fusion File EFF-2.4: Final Report on 
Basic Data File”, ECN Petten, Report ECN-c—94-016, July 1994 
 
[Len65] J. M. A. LENIHAN, S. J. THOMSON, “Activation Analysis; 
Principles and Applications”, Academic Press, 1965 
 
[Mae99] F. MAEKAWA, U. von MÖLLENDORF, P. P. H. WILSON, Y. 
IKEDA, „Determination of Deuteron-Beryllium Neutron Source Spectrum by 
Multifoil Activation“, Fusion Technology, 36, 165, 1999 
 
[Mal00] S. R. MALKAWI, N. AHMAD, “Prediction and Measurement of 
Neutron Energy Spectrum in a Material Test Research Reactor“, Annals of Nuclear 
Energy, 27, 311 – 327, 2000 
 
[Mar60] J. B. MARION, J. L. FOWLER, “Fast Neutron Physics”, Vol. I + II, 
Interscience Publishers Inc., New York, 1960 
 
[Mar94] M. MARTONE, M. ANGELONE, M. PILLON, “The 14 MeV Frascati 
Neutron Generator”, ENEA Report, RT/ERG/FUS/93/65, 1994 and Journal of Nuclear 
Materials, 212 – 215, 1991 – 1994, 1994 
 
[Mat94] M. MATZKE, “MIEKE – A Pakage of Programs for Neutron 
Spectrum Adjustment based on <<Few Channel>> Measurement”, Report 
Physikalisch-Technische Bundesanstalt, Braunschweig, 1994 
 
[Mat02] M. MATZKE, “Propagation of Uncertainties in Unfolding 
Procedures”, Nuclear Instruments and Methods in Physics Research, A476, 230, 2002 
 
[Mat03] M. MATZKE, “Chapter 9: Unfolding Procedures”, Handbook on 
Neutron Spectrometry in Mixed Fields, 
http://www.matzke.gmxhome.de/Dateien/Theory.pdf, to be published 
 100 
  
[McE67] W. N. McELROY ,S. BERG, G. GIGAS, “Neutron-Flux Spectral 
Determina-tion by Foil Activation”, Nuclear Science and Engineering, 27, 533, 1967 
 
[Mei80] A. MEISTER, T. SCHWEITZER, D. SEELIGER, K. SEIDEL, S. 
UNHOLZER, “Bestimmung der differentiellen Quellstärke von Neutronen aus der 
Reaktion D(d, n)3He für Deuteronenenergien bis 500keV”, Report TU Dresden, 1980 
 
[Mic83] A. MICHAUDON, S. CIERJACKS, R. E. CHRIEN ed., “Neutron 
Sources for Basic Physics and Applications”, Pergamon Press, Oxford, 1983 
 
[Möl02] U. von MÖLLENDORF, H. TSIGE-TAMIRAT, H. GIESE, F. 
MAEKAWA, “Integral Activation Experiments on Fusion Relevant Materials Using a 
White Fast-Neutron Field“, FZKA 6684, 2002 
 
[Nak92] M. NAKAZAWA et al, “ JENDL Dosimetry File”, Report JAERI 
1325, 1992 
 
[Nar73] S. S. NARGOLWALLA, E. P. PRZYBYLOWICZ, “Activation 
Analysis with Neutron Generators”, Wiley-Interscience, 1973 
 
[Neg02] C. C. NEGOITA, “Activation Analysis with Neutron Generators”, 
Heraeus – Ferienkurs, Dresden, Germany, 16 – 17 September, 2002 
 
[Neg03] C. C. NEGOITA, H. FREIESLEBEN, K. SEIDEL, S. UNHOLZER, 
“Determination of Neutron Fields in a Tungsten Benchmark Experiment at Neutron 
Generators”, Proceedings of Seventeenth International Conference on the Application 
of Accelerators in Research and Industry, Denton 12 – 16 November, Texas, USA, 
CAARI 2002, AIP Conference Proceedings, 2003 
 
[Orv98] E. ORVINI, M. SPEZIALI, “Applicability and Limits of Instrumental 
Neutron Activation Analysis: State of the Art in the Year 2000”, Microchemical 
Journal, 59, 160 – 172, 1998 
 
[Par97] R. R. PARKER, “Design and issues of the ITER in-vessel components. 
ITER Joint Central Team and Home Team”, Proceedings of the Fourth International 
Symposium on Fusion Nuclear Technology”, 6 – 11 April, Tokyo, Japan, 1 – 16, 
1997. 
 
[Per77] F. G. PEREY, “Least-Squares Dosimetry Unfolding: The Program 
STAY’SL”, Report ORNL/TM – 6062, ENDF – 254, Oak Ridge National Laboratory, 
1977 
 
[Pil89]  M. PILLON et al., “Calibration of Neutron Yield Activation 
Measurements at Joint European Torus”, Fusion Technology, 15, 1420-1429, 1989 
 
 101 
[QTOOL] “Calculation of reaction Q-values and thresholds”, T-2 Nuclear 
Information Service, Los Alamos National Laboratory, USA, 1997, available online 
at: http://t2.lanl.gov/data/qtool.html 
 
[Rei02] P. REIMER, “Fast Neutron Induced Reactions Leading to Activation 
Products: Selected Cases Relevant to Development pf Low Activation Materials, 
Transmutation and Hazard Assessment of Nuclear Wastes”, Doctorate thesis, 
Universität Köln, Jülich, 2002 
 
[San83] J. V. SANDBERG, “On the Feasibility of Multicomponent Activation 
Detector for Fusion Reactor Neutronics Measurements”, Nuclear Instruments and 
Methods, 206, 227-234, 1983 
 
[Seg53] E. SEGRÈ, “Experimental Nuclear Physics”, Vol. I + II, John Wiley & 
Sons Inc., New York, 1953 
 
[Seg01] A. SEGHOUR, F. Z. SEGHOUR, “Unfolding Neutron Energy Spectra 
from Foil Activation Detector Measurements with the Gold Algorithm”, Nuclear 
Instruments and Methods in Physics Research, A 457, 617 – 626, 2001 
 
[Sei82] K. SEIDEL, S. UNHOLZER, “Nutzung der Emittierten Teilchen aus 
der T(d,n)4He He-Neutronenquellreaktion zur Diagnostik des Tritiumtargets”, Report 
TU Dresden, 1982 
 
[Sei01] K. SEIDEL, R. A. FORREST, H. FREIESLEBEN, V. D. 
KOVALCHUK, D. V. MARKOVSKIJ, D. RICHTER, V. I. TERESHKIN, S. 
UNHOLZER, “Experimental Investigation of Radioactivity Induced in the Fusion 
Power Plant Structural Material SiC and in the Breeder Material Li4SiO4 by 14-MeV 
Neutrons”, Fusion Engineering and Design, 58-59, 585 – 590, 2001 
 
[Sei02.1] K. SEIDEL et al., “Measurement and Analysis of Dose Rates Gamma-
Ray Fluxes in an ITER Shut-down Dose Rate Experiment”, Proceedings of the Sisth 
International Symposium on Fusion Nuclear Technology, San Diego, USA, 7 – 12 
April, 211 – 215, 2002 and Fusion Engineering and Design, 63-64, 211 – 215, 2002 
 
[Sei02.2] K. SEIDEL, R. A. FORREST, H. FREIESLEBEN, S. A. 
GONCHARKOV, V. D. KOVALCHUK, D. V. MARKOVSKIJ, D. V. 
MAXIMOVICH, S. UNHOLZER, R. WEIGEL, “Activation Experiment with 
Tungsten in Fusion Peak Neutron Field”, Report TU Dresden, Institut für Kern- und 
Teilchenphysik, TUD-IKTP/02-01, 2002  
 
[Sei02.3] K. SEIDEL, M. ANGELONE, P. BATISTONI, Y. CHEN, U. 
FISCHER, H. FREIESLEBEN, C. C. NEGOITA, R. L. PEREL, M. PILLON, S. 
UNHOLZER, “Measurement an Analysis of Neutron and Gamma-Ray Flux Spectra 
in SiC”, 22nd Symposium Fusion Technology (SOFT-22), Helsinki, 9 – 13 September, 
2002 
 
 102 
[Sei03] K. SEIDEL, M. ANGELONE, P. BATISTONI, Y. CHEN, U. 
FISCHER, H. FREIESLEBEN, C. C. NEGOITA, R. L. PEREL, M. PILLON, S. 
UNHOLZER, “Measurement an Analysis of Neutron and Gamma-Ray Flux Spectra 
in SiC”, Fusion Engineering and Design, 69, 379 - 383, 2003 
 
[Szo94] E. J. SZONDI, H. J. NOLTHENIUS, “User’s Guide to the Code 
X333”, Report BME-NTI 222/94, (1994) 
 
[Szo95] E. J. SZONDI, H. J. NOLTHENIUS, E. M. ZSOLNAY, “User’s Guide 
to the Neutron Spectrum Adjustment Code STAYNL”, Report BME-NTI 223/95, 
(1995) 
 
[The66] R. B. THEUS, W. I. McGARRY, L. A. BBEACH, “Angular 
Distributions and Cross-Section Ratios for the Reactions 2H (d, n) 3He and 2H (d, p) 
3H bellow 500 keV”, Nuclear Physics, 80, 273 – 288, 1966 
 
[Tso83] N. TSOULFANIDIS, “Measurement and Detection of Radiation”, 
Hemisphere Publishing Corporation, 1983 
 
[Unh02] S. UNHOLZER, H. FREIESLEBEN, H. Klein, K. SEIDEL, “The 
Measurement of Neutron and Neutron Induced Photon Spectra in Fusion Reactor 
Related Assemblies”, Nuclear Instruments and Methods in Physics Research, A 476, 
160 – 164, 2002 
 
[Vid01] T. VIDMAR et al., “A Semi-empirical Model of the Efficiency Curve 
for Extended Sources in Gamma-Ray Spectrometry”, Nuclear Instruments and 
Methods in Physics Research, A 470, 533 – 547, 2001 
 
[Vla84] V. S. VLADIMIROV, “Equations of Mathematical Physics”, Mir 
Publishers Moscow, 1984 
 
[Yam84] S. YAMAGUCHIi, Y. OYAMA, H. MAEKAWA, “Calculation of 
Anisotropy Correction Factor for Determination of D-T Neutron Yield by Associated 
-Particle Method”, Report JAERI-M 84-109, 1984 
 
[Wie98] H. WIENKE, M. HERMAN, “FENDL/MG-2.0 and FENDL/MC-2.0 – 
The Processed Cross Section Libraries for Neutron and Photon Transport 
Calculations”, Report IAEA-NDS-176, 1998 
 
[Zie85] J. F. ZIEGLER, J. P. BIERSAck, “The Range and Stopping of Ions in 
Solids”, Pergamon, New York, 1985 
 
[Zij73] W. L. ZJIP, “Nuclear Data for Neutron Metrology”, Nuclear Data in 
Science and Technology, Proceedings of a Symposium, IAEA – SM – 170, Vol. II, 
Paris, 12 – 16 March, 271 – 193, 1973 
 
 
 103 
 
 
 
List of Figures 
 
 
 
Figure          Page 
 
1.1 Diagram illustrating the emission of -rays after interaction of  
neutron with the target nucleus ……………………………….  8 
 
2.1 Reference frame of two-body interactions …………………… 12 
 
2.2 The cross section of the reaction D (d, n) 3He and T (d, n) 4He 
as a function of deuteron energy …………………………….. 17 
 
2.3 Neutron energy as function of laboratory angle and deuteron 
energy (D-T reaction) ……………………………………….. 19 
 
2.4 Differential neutron yield as a function of laboratory angle θ   
for the D-T reaction at a deuteron energy of 150 keV ………. 20 
 
2.5 Neutron energy as function of laboratory angle and deuteron 
energy (D-D reaction) ……………………………………….. 24 
 
2.6 Differential neutron yield as a function of laboratory angle θ   
for the D-D reaction at a deuteron energy of 150 keV ………. 25 
 
2.7 Time scale for counting an irradiated sample ……………….. 28 
 
3.1 The cross section of 27Al(n, )24Na reaction (the experimental data 
are taken from EXFOR, [EXFOR], and the evaluated data from  
RNAL, [RNAL]) ……………………………………………. 34 
 
3.2 The cross section of 27Al(n, p)27Mg reaction ………………... 35 
 
3.3 The cross section of 56Fe(n, p)56Mn reaction ………………... 35 
 
3.4 The cross section of 54Fe(n, p)54Mn reaction ………………… 36 
 
3.5 The cross section of 59Co(n, )56Mn reaction ………………... 37 
 
3.6 The cross section of 59Co(n, 2n)58Co reaction ……………..… 37 
 104 
3.7 The cross section of 58Ni(n, 2n)57Ni reaction ………………… 39 
 
3.8 The cross section of 58Ni(n, p)58Co reaction …………………. 39 
 
3.9 The cross section of 197Au(n, 2n)196Au reaction ……………… 40 
 
3.10 The cross section of 197Au(n, )196Au reaction ……………….. 40 
 
3.11 Energy calibration points together with the least-squares fitted 
quadratic function …………………………………………….. 44 
 
3.12 Deviation from linearity of the energy-channel relation ……… 44 
 
3.13 Analytical functions describing the dependence of the full- 
energy-peak efficiency on the energy of the HPGe detector used 
in measurements ………………………………………………. 46 
 
3.14 Time profile of the flux fluctuations during a D-D irradiation .. 51 
 
3.15 Relation between fractional contributions clow of low energy 
neutrons to reactions rates versus reaction Q-values …………. 53 
 
3.16 Decay scheme of 27Mg to illustrate the summing coincidence 
Corrections ……………………………………………………. 55 
 
3.17 Comparison of initial guess spectra RTN from NMF-90 package 
and adjusted neutron spectra obtained with STAYNL ……….. 60 
 
3.18 Ratio Guessed / Adjusted spectrum in different energy regions 
for the RTN spectrum ………………………………………… 61 
 
3.19 The ratios of calculated-to-experimental reaction rates for 9 
reactions used for the adjustment of the RTN neutron spectrum. 61 
 
3.20 Comparison of initial guess spectra calculated with MCNP 
code and his adjusted neutron spectra obtained with STAYNL .. 62 
 
3.21 Ratio Guessed / Adjusted spectrum in different energy regions 
for the MCNP spectrum ………………………………………... 62 
 
3.22 The ratios of calculated-to-experimental reaction rates for 10 
reactions used for the adjustment of the initial guess spectrum 
calculated with MCNP code …………………………………… 63 
 
3.23 Comparison of initial guess spectra calculated with MCNP code 
for the D-D neutron generator and his adjusted neutron spectra 
obtained with STAYNL ……………………………………….. 63 
 105 
 
4.1 Geometry of the benchmark assembly (Positions: F-front, 
P1, P2, P3, P4-inside positions) ……………………………….. 65 
 
4.2 The W benchmark in front of the FNG target …………………. 66 
 
4.3 Time profile of the flux fluctuation during the D-T irradiation at 
FNG ……………………………………………………………. 67 
 
4.4 MCNP Model of the W alloy experiment with activation foils .. 68 
 
4.5 Comparison of the initial guess spectra at front (F) and P1 position, 
calculated with MCNP - 4B code for the foil activation ………. 70 
 
4.6 Comparison between the guess spectrum (MCNP) and the 
transformed input spectrum for the STAYNL unfolding code for  
position F. (If only a red line is shown it also represents the initial 
guess spectrum.) ………………………………………………… 70 
 
4.7 Initial guesses and adjusted neutron spectrum fluxes for the  
position F ……………………………………………………….. 71 
 
4.8 The ratios of calculation-to-experiment for the reaction rates 
used for the adjustment of the front neutron spectrum …………. 71 
 
4.9 Comparison between the guess spectrum (MCNP) and the  
transformed input spectrum for the STAYNL unfolding code for  
position P1 ……………………………………………………… 72 
 
4.10 Initial guess and adjusted neutron spectrum fluxes for the first  
position (P1) ……………………………………………………. 73 
 
4.11 The ratios of calculated-to-experiment for the reaction rates  
used for the adjustment of neutron spectrum at position P1 …… 73 
 
4.12 Neutron flux spectra measured with an NE213 liquid-scintillator  
spectrometer, at four detector positions and normalized to one  
source neutron ………………………………………………….. 74 
 
4.13 Measured and calculated neutron flux spectra (normalized to  
one source neutron) for the first position (P1) …………………. 75 
 
4.14 Comparison of measured neutron flux spectrum with an NE213  
spectrometer and the two calculated neutron spectra using  
different geometrical models of the benchmark in the Monte Carlo  
code (FENDL-2) ……………………………………………….. 76 
 
 106 
4.15 Comparison of evaluated and measured (n, 2n) cross-section for  
W-nat …………………………………………………………… 77 
 
4.16 Comparison between the simulated MCNP neutron flux spectra  
for the NE213 method and neutron foil activation method ……. 78 
 
4.17 Comparison between the calculated and the experimental  and  
adjusted neutron flux spectra, for the two methods employed in  
the first position measurements ………………………………… 78 
 
4.18 Comparison between the experimental spectrum measured with  
NE213 spectrometer and the spectrum obtained after the  
transformation from the neutron detection by NE213 to neutron  
detection by foil activation method (Eq. 4.1) …………………… 80 
 
4.19 Comparison between the experimental spectra and the spectra of  
neutron foil activation method …………………………………… 80 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 107 
 
 
 
Acknowledgements 
 
 
 
 
 
 
 
My thanks are going to a lot of people, who directly or indirectly took part in 
my efforts towards the accomplishment of this work. 
Especially, I want to thank Prof Hartwig Freiesleben for giving me the 
opportunity to work on this thesis in the fusion neutron group at Institut für Kern- und 
Teilchenphysik, for his encouragements, for his tolerance during the long time the 
production of the results presented took, and for the constructive criticism during the 
preparation of the manuscript. 
 It has been a great pleasure to work with Prof. Klaus Seidel. Thank you, for 
yours patience and willingness to explain me various experimental techniques and 
associated programs, for your lively enthusiasm for physics, for the stimulating 
working conditions and for yours comments on the thesis.  
 I want to thank Dr. Siegfried Unholzer for his large contribution in performing 
experiments and for useful suggestions. My sincere thanks are going to Günter 
Reichelt and also to the excellent Italian crew from ENEA Frascati for all their 
support during the experiments.  
 The time as a PhD student wouldn’t have been as fun without fellow 
colleagues. Thank you, Randy Eichin, for your daily care about the current status of 
the work, for your friendly help and useful suggestions. Thank you Martin Greschner 
for all enjoyable occasions and the support you have given me. There are so many 
people I would like to thank, so I hereby thank you all again, also those I might have 
forgotten … 
 Finally, I would like to say thanks to my family, which was always supported 
my enthusiasm in science. 
 
 
 
 
 
 
 
 
 
 
 
 108 
 
 
 
 
 
 
 
 
 
 
 
 
Versicherung 
 
 
 
 
 
 
 
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter 
und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus 
fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche 
kenntlich gemacht. Die Arbeit wurde bisher weder im Inland noch im Ausland in 
gleicher oder ähnlicher Form einer anderen Prüfungsbehörde vorgelegt. 
 
Ich erkenne die Prüfungsordnung der Fakultät Mathematik und Naturwissenschaften 
(Technische Universität Dresden, in der Fassung vom 20.03.2000) ohne jegliche 
Einschränkung ab. 
 
 
 
 
 
Dresden, den 3.5.2004           Cezar Ciprian Negoita 
 
 
 
